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ATOMIC  CONSTANTS  AND  DIMENSIONAL  INVARIANTS 

By  a.  C.  Lunn. 

Synopsis. 

DimensiondUy  Invariant  Products  of  Universal  Physical  Constants, — The  number 
of  experimentally  determined  universal  constants  is  well  known  to  be  greater  than  the 
number  of  the  fundamental  independent  units  of  measurement.  The  excess  quantities 
should  be  expressible  in  terms  of  the  others,  that  is,  there  must  exist  a  number  of  di- 
mensional invariants  equal  to  this  excess.  Invariants  which  have  a  theoretical  basis 
serve  to  check  experimental  values,  and  others  also  may  be  useful  in  suggesting  numer^ 
ical  relations  not  otherwise  suspected.  As  an  illustration,  this  paper  lists  seven  quanti- 
ties which  are  dimensioned  in  length,  time  and  mass  only :  e,  the  ratio  of  the  electronic 
charge  to  the  root  of  the  dielectric  constant;  m,  the  electronic  mass;  b  —  k*l4hr*a, 
where  k  is  the  Boltzmann  constant  and  a  the  coefficient  of  black  radiation  density; 
/  «■  A/ar;  fi,  the  Rydberg  wave-number;  c,  the  velocity  of  light;  and  7,  the  gravita- 
tion constant.  In  terms  of  these  there  must  be  four  independent  invariants, 
for  instance:  c^lb  -  P;  ei^/cf  -  5;  ym*/^  -  G;  n^/mc*  -  E.  There  are  also  many 
other  relations,  such  as:  6/<«  -  L  -  i/P5»;  yHn*/b  -  C»/L;  mc/fn  -  S/E;  and 
ymnfc*  ■■  GE,  The  only  theoretical  relations  now  known  are:  P  ■■  2*HrVi5,  from 
the  Planck  spectrum  distribution  theory,  and  4r£  —  5*.  from  the  Bohr  spectrum 
theory;  both  agree  with  experiment  within  0.2  per  cent.  If  in  accordance  with 
the  Lewis-Adams  suggestion  we  put  L  equal  to  i  instead  of  0.995,  then  Millikan's 
value  of  e  must  be  too  high  by  0.5  per  cent.  Since  S  has  the  value  0.00730, 
I  +  5  +  ifi  »  1.0078,  the  atomic  weight  of  H,  and  4  -H  am  -  4.001 1,  the  atomic 
weight  of  He;  therefore  5  may  equal  the  "packing  effect.**  Various  numerical 
formulae  for  S  are  given,  such  as  3*/5*t*.  If  Mi  and  Af  1  are  the  ratios  of  the  atomic 
masses  of  H  and  He,  respectively,  to  that  of  an  electron,  S^Mi  ■•  r/2*,  and 
5*Afi  *»  5*/2*,  within  o.i  per  cent.  Other  similar  numerical  coincidences  which 
may  or  may  not  have  theoretical  significance  are  given,  for  instance:  S/EMi  *■  2^; 
EVGS  -  1/2;  a  -  3(ElMi)*it  -  25). 

IT  has  been  recognized  for  some  time  that  the  number  of  universal 
quantities  revealed  by  physical  measurements,  but  not  yet  utilized 
for  the  practical  reduction  of  the  system  of  arbitrary  units,  is  more  than 
sufficient  to  complete  that  reduction  so  as  to  give  for  every  sort  of  measure- 
ment a  kind  of  natural  unit.  Since  in  most  cases  the  measuremen  ts  are  not 
yet  accurate  enough  for  putting  this  reduction  into  effect,  it  is  convenient 
to  retain  consideration  of  these  quantities  as  having  dimensions  corre- 
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spending  to  the  scheme  of  units  as  it  stands  before  the  reduction  is  made. 
The  redundancy  means  that  the  excess  quantities  should  be  expressible 
in  terms  of  the  others,  and  several  relations  of  this  kind  have  been  pro- 
posed. Equivalently,  there  must  exist  a  set  of  independent  dimension- 
less  expressions,  or  **  dimensional  mvariants,"  expressible  entirely  in 
terms  of  the  quantities  of  the  list  and  equal  in  number  to  the  excess. 

Because  of  the  differences  in  precision  of  different  types  of  measure- 
ments it  has  been  customary  to  adopt  as  basis  a  set  of  the  better  deter- 
mined values,  equal  in  number  to  the  arbitrary  or  primitive  units  in  the 
dimensional  scheme,  and  for  comparison  with  observed  data  to  express 
the  others  in  terms  of  these  so  far  as  suitable  algebraic  relations  are  at 
hand  from  theoretical  sources.^  There  is  some  advantage,  however,  in 
avoiding  restriction  to  such  a  preferential  solution  through  the  direct 
computation  of  a  fundamental  set  of  invariants.  The  influence  of  errors 
of  observation  in  all  the  quantities  concerned  can  be  shown  by  simul- 
taneous consideration  of  all  the  corresponding  differential  corrections, 
and  a  kind  of  test  of  the  completeness  of  a  theory  is  found  in  the  number 
of  independent  invariants  whose  theoretical  and  observed  values  are  in 
practical  agreement.  The  intent  of  this  paper  is  to  examine  the  present 
state  of  theory  from  such  a  point  of  view,  and  to  compare  data  from 
various  experimental  sources  in  connection  with  invariants  which  have 
had  theoretical  values  deduced.  There  are  also  proposed,  for  enough 
further  invariants  to  complete  a  fundamental  list,  certain  tentative  values 
so  accurate  as  to  suggest  the  possibility  of  deduction  from  a  theory,  and 
such  as  to  give  in  partic  ular,  simple  formulas  for  the  action  constant 
and  constant  of  gravitation.  Measured  quantities  are  denoted  by  small 
letters  and  invariants  by  capitals. 

The  quantities  to  be  included  are  the  charge  e  and  mass  m  of  the  elec- 
tron, the  bielectric  coefficient  of  a  vacuum  c;  the  Boltzmann  constant  k 
and  the  coefficient  a  of  black  radiation  density;  the  Planck  constant  A, 
Rydberg  wave-number  n,  velocity  of  light  in  vacuum  c,  and  constant  of 
gravitation  7.  There  are  nine  of  these,  to  be  considered  as  dimensioned 
in  five  primitive  units,  say  the  familiar  three  of  mechanics,  together  with 
temperature  and  one  electrical  unit.  Since  the  temperature  unit  affects 
only  k  and  a,  and  the  electrical  unit  only  e  and  €,  it  will  be  sufficient  to 
consider  only  the  ratios  k*/a  and  e/c*,  which  are  dimensioned  in  L-T-M 
only.  The  latter  ratio  may  as  well  be  denoted  by  e  simply,  and  it  proves 
convenient  to  use  JfeV^(4^)*  =  b  say,  also  in  place  of  h  to  use  A/2ir  =  /say, 

*  Compare  for  example  the  computations  in  Sommerfeld:  Atombau  und  Spektrallinien. 
ed.  2,  pp.  367-370;  Flamm,  Phys.  Zeitsch.,  18,  515-521,  1917;  Allen,  Proc.  Phys.  Soc. 
London,  27,  425-431,  1915;  Millikan,  Phys.  Rev.  (2),  II.,  109-143,  and  Phil.  Mag.  (6)  , 
XXXIV..  1-30,  1917;  Birge,  Phys.  Rev..  (2).  XIV.,  361-368,  1919. 
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the  natural  unit  of  angular  momentum.  There  are  then  the  seven  quan- 
tities e,  m,  6,  /,  n,  c,  7,  dimensioned  in  L-T-M  simply,  and  therefore  having 
a  fundamental  system  of  four  invariants. 

Together  with  these  four  there  needs  to  be  considered  any  relevant 
ratio  of  two  quantities  of  the  same  kind  which  are  not  interpreted  in 
terms  of  each  other  by  a  counting  process.  So  far  as  is  known  all  charges 
are  integral  multiples  of  f ,  and  the  6,  7,  c,  and  h  are  unique,  though  there 
seems  to  be  some  possibility  that  the  slopes  of  the  photo-electric  lines 
for  different  elements  ma>  prove  to  involve  slightly  different  individual 
factors,  as  well  as  a  universal  A,  when  a  precision  is  reached  comparable 
with  that  of  the  various  wave-numbers  of  metallic  series.  So  far  as  is 
satisfactorily  made  out  the  latter  are  expressible  in  terms  of  the  universal 
n  and  certain  functions  of  integers  together  with  factors  depending  on 
mass-ratios.  Moreover,  there  seems  to  be  increasing  probability  that  all 
pure  atomic  species  will  prove  to  have  atomic  weights  integrally  related 
to  hydrogen  or  helium  or  some  compromise  of  these,  and  the  suggestion 
doubtless  remains  acceptable,  though  not  yet  definitely  successful,  that 
the  departure  of  the  helium-hydrogen  ratio  from  the  integral  value  may 
be  explainable  by  an  overlapping  of  fields  or  **  packing  effect,"  or  some- 
thing similar.  This  would  leave  the  single  mass-ratio  of  hydrogen  atom 
to  electron  to  be  explained,  but  since  there  are  no  isotopes  of  either 
hydrogen  or  helium  known  it  seems  best  to  consider  both  of  these  mass- 
ratios,  milm  =  Ml  for  hydrogen  and  mj/m  =  Mi  for  helium,  as  requir- 
ing interpretation.  A  theory  of  matter  can  hardly  be  considered  satis- 
factory until  it  reaches  some  interpretation  of  the'-e  ratios,  rather  than 
treating  them  as  primary  data,  but  for  the  present  purpose  it  is  suitable 
simply  to  annex  them  to  the  list  of  invariants  to  be  studied. 

The  list  of  quantities  might  be  taken  to  include  also  the  gas  constant 
and  Faraday  constant  per  mole,  but  since  this  involves  the  use  of  an 
additional  unit,  the  chemical  mole,  there  would  be  only  one  more  invari- 
ant, which  can  be  taken  as  kcF/Re  of  value  unity.  Further,  the  specific 
charge  17  can  be  treated  either  as  abbreviation  for  e/cm  or  as  a  distinct 
quantity  associated  then  with  the  invariant  cmrj/e,  also  unity.  The  num- 
ber of  outstanding  invariants  required  is  the  same  as  before. 

The  algebraic  work  of  determining  invariants  as  products  of  powers 
need  not  be  detailed.  Since  it  is  likely  that  the  more  direct  results  of 
theory  will  be  concerned  with  relatively  simple  invariants  there  is  con- 
venience in  arranging  according  to  number  of  factors.  Examination 
shows  that  in  the  list  of  seven  quantities  named  there  is  only  one  pair, 
(i,  e),  which  yields  a  two-letter  invariant,  only  four  triples,  (c,  /,  6), 
(e.  cj),  (7,  m,  e),  (ft,  7,  m),  giving  three-letter  invariants,  and  that  between 
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these  five  there  are  two  relations,  so  that  to  complete  a  fundamental  system 
an  invariant  in  four  or  more  letters  is  needed,  to  be  taken  here  as  formed 
from  (tf,  Cy  m,  n).  The  following  notation  will  be  used  and  the  identities 
are  indicated. 

ne'/nu^  =  £;  ^mV*  =  (?/L,  PLS^  =  i.  ^^^ 

The  L  occurs  in  the  paper  of  Lewis  and  Adams,*  the  S  is  identical  with 
Sommerfeld's  a  and  Allen's  q  (loc.  cit.),  the  G  is  a  ratio  of  gravitational 
and  electrostatic  forces,  and  the  E  can  be  read  as  ratio  of  two  energies, 
the  electrostatic  potential  energy  of  two  elementary  charges  at  a  dis- 
tance of  one  Rydberg  wave-length  and  the  energy  corresponding  in  Ein- 
stein's sense  to  the  mass  of  the  electron.  In  general  these  four  will  be 
taken  as  fundamental,  but  a  separate  notation  is  taken  for  the  P  because 
of  its  occurrence  in  connection  with  Planck's  radiation  formula.  The 
writer  has  also  computed  all  further  four-letter  invariants  and  deter- 
mined their  values  in  terms  of  the  four  named.  As  example  may  be 
noted  mc/fn  =  5/£,  which  may  be  interpreted  as  ratio  of  two  angular 
momenta,  and  ymn/c^  =  G£,  a  ratio  of  energies  per  unit  mass.  Some 
of  these  other  invariants  may  prove  of  interest  in  connection  with  future 
theories,  but  the  present  state  of  the  problem  can  be  described  in  terms 
of  those  already  given.  The  values  of  all  four  would  need  to  be  known 
in  order  to  give  specific  form  and  full  effect  to  the  vague  but  suggestive 
theory  of  Lewis  and  Adams  concerning  the  ultimate  rational  units. 

There  are  required  then  six  independent  relations  for  the  determina- 
tion of  the  four  fundamental  invariants  and  the  two  mass-ratios.  Two 
such  relations  have  been  deduced  from  theories,  one  coming  by  integra- 
tion from  the  Planck  spectrum  distribution  formula,  the  other  being 
Bohr's  formula  for  the  Rydberg  constant.  These  relations  in  the 
present  notation  are 

P  -  2»T«/I5,  (2) 

47r£  =  5»,  (3) 

and  their  accordance  with  experimental  data  is  known  to  be  as  accurate 
as  the  measurements  used.  Other  equations  already  proposed  and 
those  to  be  added  in  this  paper  are  to  be  understood  simply  as  possibly 
deducible  from  some  theory  and  by  their  form  possibly  suggestive  of  some 
features  of  such  a  theory,  although  in  any  case  a  relation  between 
invariants  represents  an  experimental  fact  with  whatever  precision  it 
proves  to  have,  even  if  its  theoretical   connections  are  unknown.     Of 

»  PHYS.  RBV.,  (2),  III..  92-102,  1914. 
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the  latter  type  is  the  relation  suggested  by  Lewis  and  Adams,  namely 

i  =  I  (4) 

which  is  so  close  and  simple  as  to  have  high  probability. 

The  relations  suggested  by  Allen  are  not  included  here,  since  they  are 
not  relations  between  invariants  and  depend  for  their  particular  form 
on  the  use  of  special  units  and  the  decimal  scale  of  notation.  A  relation 
proposed  by  Haas,^  equivalent  in  the  present  notation  to  log  G  =  —  2ilf  i* 
log  T,  involves  only  invariants,  but  its  plausibility  is  difficult  to  esti- 
mate, partly  because  a  small  percentage  change  in  Mi  corresponds  to  a 
much  larger  percentage  change  in  G,  about  fifty  times  as  large,  so  that 
data  now  known  are  rather  rough  to  test  it.  If  really  correct,  however, 
it  yields  an  accurate  value  of  Mi  for  that  reason. 

Initial  test  computations  will  be  made  with  the  following  data:  n  = 
I09737»  c  =  2.999  X  Io'^  7  =  6.675  X  io-«,  e  =  4.774  X  io-'<»  h  = 
6.545  X  10-^,  F  =  96494*  V  =  1.767  X  IO^  cal4  =  5.72  X  lO"*,  giv- 
ingm  =  9.009  X  10"^,  a  =  7.629  X  I0-^^  b  =  1.178  X  io-*«,/  =  1.042 
X  10"*^;  and  with  Mi  =  1845,  Mt  =  7328,  corresponding  to  atomic 
weight?  1.0077  and  4.0020,  though  the  precise  values  and  meaning  of  these 
ratios  is  one  subject  of  discussion. 

From  these  data  come  P  =  2.588  X  lo',  S  =  7.295  X  lo"*,  E  = 
3.087  X  lo"*,  G  =  2.377  X  lo""^'.  Sommerfeld's  value  of  5,  computed 
directly  from  spectrum  data,  is  7.290  X  lO""',  but  since  this  comes  from 
the  observed  separation  of  components  of  fine  structure  having  each 
some  outstanding  broadening  and  asymmetry  the  measurements  are  not 
accurate  enough  to  distinguish  this  value  from  the  other  or  from  the 
hypothetical  values  to  be  mentioned.  The  values  of  15  P/2*V*,  4ir£/5', 
and  L,  which  would  all  be  unity  according  to  the  equations  cited,  are 
respectively  .9985,  9989,  .9952.  Evidently  any  one  of  these  relations 
separately  can  be  regarded  as  exact  without  stretching  the  range  of  un- 
certainty in  the  data,  but  the  question  is  rather  whether  a  single  system 
of  differential  correctiors  of  admissible  magnitude  could  be  applied  to 
the  data  so  as  to  satisfy  all  three  relations  at  once.  A  least  square  solu- 
tion with  a  tentative  set  of  weights  gave  corrections  to  both  e  and  17  rather 
dubiously  large,  but  since  the  assignment  of  weights  to  such  varied  data 
IS  precarious  the  dilemma  involved  is  better  shown  as  follows. 

The  Planck  and  Lewis-Adams  equations,  because  of  the  identity  con- 
necting P,  L,  and  5,  determine  a  hypothetical  value  of  S  by 

Spx'  =  15/2^,  SpL  =  7.281  X  io-»,  (5) 

which  by  itself  is  clearly  admissible;  but  the  inclusion  of  the  Bohr  equa- 
>  Haas.  Phjrs.  Zeitachr.,  19.  330.  19 18. 
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tion  gives  for  E  a  value 

EpLB  =  I5/2"t»  =  3.071  X  io-«,  (6) 

whence  EjEplb  =  1.005.  There  seems  to  be  no  known  reason  for  re- 
garding the  Rydberg  constant  as  other  than  sensibly  exact  for  the  present 
purpose  or  the  velocity  of  light  as  more  uncertain  than  to  the  extent  of  a 
unit  or  so  in  the  fourth  figure,  so  that  the  implication  of  this  last  ratio 
is  practically  that  the  product  of  the  measured  values  of  e  and  17  is  J^ 
per  cent,  too  high.  Since  the  17  has  been  measured  in  a  variety  of  ways 
by  a  number  o(  observers  and  checked  by  Sommerfeld's  spectrum  com- 
putation with  such  consistency  as  not  to  encourage  a  reduction  of  more 
than  one  part  in  500  or  eo,  the  value  assumed  being  probably  already 
low,  it  appears  that  the  validity  of  all  three  relations  mentioned  is  likely 
to  mean  that  Millikan's  value  of  e  is  too  high  by  nearly  four  or  five  parts 
per  thousand,  and  that  h  requires  an  accompanying  correction  to  keep 
reasonable  accord  with  the  photo-electric  and  x-ray  data. 

An  uncertainty  of  that  magnitude  in  measurements  by  the  oil-drop 
method  is  doubtless  conceivable  and  need  not  be  ascribed  solely  or 
chiefly  to  instrumental  errors  unrecognized.  There  remains  unexplained 
the  unexpected  lack  of  difference  between  solid  particles  and  liquid  drops 
of  different  viscosities,^  which  may  point  to  some  uncertainty  as  to  what 
IF  the  effective  hydrodynamical  radius  in  the  application  of  Stokes*  for- 
mula; or  the  hydrodynamical  theory  may  be  at  fault  in  other  ways,  for 
instance  because  of  the  minute  scale  of  the  motions  or  because  of  the 
effect  of  compressibility  of  the  medium,  although  no  such  corrections  are 
known  to  be  needed  except  the  allowance  for  surface  slip  which  was  con- 
sistently made. 

At  present,  however,  the  data  make  it  somewhat  doubtful  that  all 
three  relations  can  be  exactly  valid,  unless  possibly  by  way  of  some  slight 
change  in  meaning  of  some  of  the  symbols.  Because  of  its  lack  of  a 
specific  theoretical  background  that  of  Lewis  and  Adams  seems  most 
likely  to  be  only  a  close  approximation.  The  Planck  theory  is  however 
fairly  obscure  in  places  and  further  refinements  might  change  the  spec- 
trum formula  slightly  so  as  to  alter  the  value  of  P  without  loss  of  accord 
with  measurements  on  total  radiation  and  spectrum  distribution.  The 
Bohr  formula  seems  less  likely  to  need  amendment,  not  so  much  because 
its  theory  is  altogether  satisfactory  as  because  of  its  wide  range  of  con- 
tact with  spectrum  data,  but  in  view  of  the  influence  of  motion  of  the 
nucleus  and  the  relativity  corrections  it  seems  not  impossible  that  other 
factors  may  affect  the  determination  ot  the  ideal  or  asymptotic  Rydberg 
constant  to  which  the  formula  refers. 

» Silvey,  Phys.  Rev.  (2),  VII.,  87  and  106,  1916. 
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There  seems  to  be  no  such  difficulty  in  accepting  any  two  of  these  rela- 
tions without  the  third.  The  dilemma  described  can  be  relieved  merely 
by  supposing  that  (3)  is  not  quite  exact;  conceivable  substitutes  for  L  «■  i 
nearer  the  computed  value  will  occur  in  the  following;  while  equations 
(3)  and  (4)  without  (2)  leaves  S  undetermined  and  its  elimination  gives 
simply  43r£P  =  i,  the  computed  value  being  1.0038,  not  seriously  dif- 
ferent in  view  of  the  number  of  factors  involved.  To  illustrate  these 
possibilities  it  may  be  mentioned  that  Millikan's  e  and  Duane's  latest 
value  for  h,^  6.556  X  lO"^  using  the  same  e,  tend  to  favor  the  Lewis- 
Adams  relation  rather  than  the  Bohr,  giving  S  «  7.283  X  lO"^,  curiously 
near  to  Spz-  Though  the  estimates  of  uncertainty  given  by  these  ob- 
servers are  somewhat  more  than  enough  to  cover  the  discrepancy  the 
numbers  as  they  stand  would  require  in  order  to  satisfy  (3)  a  J^  per 
cent,  reduction  in  17.  But  the  Einstein  quantum  relation  used  in  reduc- 
ing the  x-ray  data  may  itself  be  in  need  of  refinement  by  factors  approxi- 
mately unity  but  specific  for  particular  substances;  this  would  be  only 
natural  perhaps  in  view  of  the  nucleus  and  relativity  corrections  that 
improved  on  Bohr's  original  equation.  Moreover,  a  complete  review 
of  these  problems  might  even  find  some  uncertainty  concerned  with  the 
Faraday  constant,  defined  in  connection  with  a  heavy  atom  and  used 
for  such  important  purposes  in  connection  with  the  lightest  ones;  and 
this  not  only  because  of  the  recognized  difficulties  in  the  way  of  verify- 
ing the  Faraday  law  with  the  required  precision  over  the  whole  range  of 
atomic  weights.  The  theory  of  electromagnetic  mass  has  made  familiar 
the  notion  of  "mutual"  mass,  whose  main  descriptive  content  is  con- 
cerned with  the  idea  that  the  summational  property  of  mass  may  cease  to  be 
valid  for  sufficiently  fine  subdivisions  of  matter.  This  suggests  that  the 
strict  proportionality  of  weight,  mass,  and  number  of  ions  may  be  true 
only  for  aggregations  of  sufficient  size  to  blur  out  differential  effects  due 
to  characteristic  differences  between  positive  and  negative  electrical 
constituents.  In  such  a  case  the  ratio  of  inertias  of  individual  ions 
might  not  agree  with  the  ratio  of  the  large  scale  chemical  equivalents. 
Positive-ray  analysis  may  reach  precision  enough  to  give  this  possibility 
a  definitive  test.  At  present  the  prospect  is  that  any  such  correction 
would  be  unimportant  for  complete  atoms. 

Related  to  this  is  the  reason  for  including  the  gravitation  constant  in 
the  present  list,  namely  the  widely  cherished  conviction  that  gravitation 
should  be  interpretable  as  a  residual  electromagnetic  effect.  Some  at- 
tempts at  such  a  theory  seem  rather  bizarre,  and  those  involving  arbi- 
trary statistical  assumptions  are  not  likely  to  be  satisfying,  one  aspect 

» Proc.  Nat.  Acad.  Sc..  7.  237-242,  1921- 
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of  the  difficulty  being  the  very  smallness  of  the  residual  required,  as 
reflected  in  the  minuteness  of  the  invariant  G;  but  now  that  fundamental 
differences  between  positive  and  negative  electrification  are  experimen- 
tally real  the  outlook  seems  more  hopeful.  Since  the  idea  is  used  here 
only  as  a  hint,  indication  may  be  deferred  as  to  how  it  can  be  considered 
to  harmonize  with  Einstein's  interpretation  of  the  gravitational  field. 

There  are  many  examples  of  successful  formulas  whose  construction 
to  fit  empirical  data  antedated  their  deduction  from  theory;  the  Planck 
and  Balmer-Rydberg  formulas  are  examples.  It  may  be  not  altogether 
idle,  therefore,  to  search  for  further  numerical  coincidences  and  test  them 
out  in  various  combinations.  Especially  may  be  noted  such  relations  as 
may  be  in  general  form  suggested  by  tentative  considerations  of  theory, 
but  too  vague  to  determine  for  instance  certain  numerical  coefficients. 

Aside  from  the  gravitational  formula,  the  kernel  of  the  problem  seems 
likely  to  be  the  determination  of  the  invariant  5,  which  is  already  funda- 
mental in  Sommerf eld's  theory  and  will  doubtless  prove  to  be  of  much 
wider  importance.  A  theoretical  explanation  of  its  meaning  and  value 
will  probably  mark  the  achievement  of  a  satisfactory  logical  connection 
between  the  electron  theory  and  the  quantum  theories.  One  suggestion 
concerned  with  this  outlook  appears  with  the  following  items,  which 
may  not  be  accidental;  fuller  developments  and  alternative  interpreta- 
tions are  saved  for  a  special  paper. 

First,  the  expression  i  +  S  has  value  1.00729,  uncertain  hardly  as 
much  as  two  units  of  the  last  place;  addition  of  .00055,  the  "atomic 
weight  of  an  electron,"  gives  1.00784,  agreeing  with  the  atomic  weight 
of  hydrogen  as  closely  as  that  can  be  considered  known.  Addition  ot 
two  electrons,  .00109,  to  even  4.00000,  gives  conceivable  atomic  weight 
of  helium  differing  from  Heuse's  value  4.002  less  than  his  estimate  of 
uncertainty  .0017.  The  suggestion  thus  emerges  that  S  may  give  a  kind 
of  measure,  to  first  approximation  perhaps,  ot  the  "packing  effect"  or 
influence  of  mutual  terms  which  determines  the  departure  of  the  helium- 
hydrogen  ratio  from  the  even  integer. 

Second,  the  notion  of  "mutual"  mass  suggests  trial  of  a  quadratic 
function  of  the  atomic  number,  so  as  to  represent  atomic  weight  as  the 
sum  of  a  term  proportional  to  the  number  of  constituent  particles  and  a 
term  proportional  to  the  number  of  pairs  of  particles.  The  formula 
w  ^  2N  +  SIP  does  in  fact  give  quite  well  the  general  trend  of  atomic 
weights,  especially  when  reduced  to  the  definitional  scale  te;  =  16  for 
JV  =  8. 

Because  of  the  identity  any  trial  value  of  S  determines  a  corresponding 
value  of  the  product  PL,  and  hence  with  Planck's  value  of  P  leads  to  a 
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substitute  for  (4);  but  the  partitioning  between  these  two  factors  is 
better  treated  as  a  separate  problem,  these  two  invariants  being  the  only 
ones  used  that  contain  the  radiation  constant  a  while  their  product  is 
not  affected  by  it. 

If  equation  (3)  is  valid  the  range  of  uncertainty  as  to  the  value  of  S 
is  rather  narrow,  in  fact  sifting  of  the  data  with  that  equation  assumed 
shows  only  a  small  chance  that  it  lies  outside  the  limits  .007270  and 
.007310;  if  only  the  values  of  e,  A,  and  c  directly  concerned  in  the  defini- 
tion of  5  be  considered  the  range  is  not  seriously  larger,  since  the  value 
of  h  in  terms  of  e  by  the  x-ray  method  has  given  such  closely  consistent 
results.  It  was  noticed  by  Jeans^  that  the  value  of  i6t*5  is  approxi- 
mately unity,  but  this  is  only  a  rough  guess,  the  computed  value  being 
1. 1 52.  On  the  other  hand  the  value  proposed  by  Page^  amounts  to  5  = 
3/I28t  =  .00746,  which  is  pretty  high  to  be  plausible. 

One  can  hardly  have  much  hope  of  obtaining  a  true  theoretical  value 
of  such  a  constant  by  pure  conjecture  based  on  numerical  coincidence 
merely,  as  is  illustrated  by  the  following  list  of  numbers,  any  one  a  con- 
ceivable value  of  S:  32/45T*  =  .007300,  7/960  =  .007292,  ir/2*3*  = 
.007272,  ii/48oir  =  .007294,  7/T*  =  .007281,  the  fourth  being  practi- 
cally the  computed  value  and  the  last  indistinguishable  from  Spl-  The 
possibility  5*  =  3*2"/5V*,  S  =  .007293,  is  curious  on  account  of  the 
corresponding  value  E  =  (24/25ir*)*.  Some  of  these  lead  to  sets  of  for- 
mulas on  the  whole  fully  as  simple  and  plausible  as  those  using  the  Lewis- 
Adams  relation.  But  since  such  trials  could  be  extended  indefinitely, 
and  since  the  coefl&cients  in  the  later  formulas  to  be  proposed  are  simi- 
larly tentative  it  uill  be  sufficient  illustration  of  the  possibilities  to  con- 
sider a  single  alternative.  Since  reasons  have  been  given  for  supposing 
that  the  Spl  is  likely  to  be  too  low,  it  is  desirable  to  have  an  alternative 
toward  the  upper  part  of  the  admissible  range.  Accordingly  is  suggested 
for  particular  trial  the  new  hypothetical  value 

Sh  =  3V5V  =  .007295.  (S<^) 

being  practically  the  computed  value,  and  with  (3)  giving 

Ebb  =  3V2'5V  =  3089  X  lO"*,  (6a) 

also  practically  as  good  a  fit  as  the  data  require.  Combination  with 
(2)  gives  for  (4)  the  substitute  value  L  =  S^V^^3^  =  •9941-  But  the 
possibility  must  be  faced  that  the  true  value  of  S  is  no  such  simple  thing 
at  all.  For  example,  if  it  measures  some  kind  of  coefficient  of  stability 
in  atomic  structures  concerned  with  the  mutual  influence  of  overlapping 

>  Proc.  Nat.  Acad.  Sc..  6.  1 15-122,  1921. 
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fields  its  physical  meaning  might  be  quite  perspicuous  but  its  numerical 
value  determined  only  by  some  trancendental  process.  Similar  remarks 
of  course  apply  to  guesses  for  other  invariants,  though  such  trials  may 
lead  to  suggestions  of  promise.  For  instance,  (lo  +  V5)*  =  1832.0, 
which  may  point  to  some  trigonometric  meaning  for  the  apparent  reci- 
procal atomic  weight  of  the  electron. 

Since  the  known  quantum  phenomena  are  concerned  not  so  much 
with  the  electron  alone  as  with  its  relation  to  the  various  material  atoms 
or  nuclei,  there  is  a  prospect  that  the  S  may  have  something  to  do  with 
the  differences  between  positive  and  negative  electricity.  The  chief 
known  feature  of  these  differences  lies  in  the  relatively  small  inertia  of 
the  universal  negative  electron  as  compared  with  the  various  positive 
nuclei.  Hence  there  is  likely  to  be  some  direct  connection  between  S 
and  a  mass-ratio,  though  some  uncertainty  must  be  recognized  as  to 
what  mass-ratio  is  most  directly  concerned.  The  distinction  between 
the  mass  of  an  atom  and  that  of  its  nucleus  is  at  present  rather  trivial 
on  account  of  errors  in  other  data,  but  because  of  the  f  per  cent,  depar- 
ture of  hydrogen  from  the  integral  value  on  the  oxygen  scale  and  the 
outstanding  uncertainty  as  to  the  atomic  weight  of  helium  there  remains 
the  question  as  to  what  is  the  most  directly  natural  theoretical  unit  of 
atomic  weight.  The  notion  of  the  proton  as  a  universal  constituent  of 
all  atoms  suggests  the  hydrogen  scale,  the  universality  of  the  alpha  par- 
ticle in  radioactivity  suggests  the  helium  scale,  while  the  fact  that  the 
basic  processes  of  measurement  employ  apparatus  constructed  largely 
of  solid  matter  in  bulk  consisting  of  heavier  atoms  invites  consideration 
of  other  possibilities.  In  connection  with  the  following  formulas  it  may 
be  decided  in  particular  cases  whether  Mi  and  Af«  are  to  refer  to  the 
neutral  atoms  or  to  the  nuclei,  but  the  precision  reached  demands  sys- 
tematic distinction  between  the  actual  hydrogen-electron  ratio  Mi  and 
the  reciprocal  atomic  weight  of  the  electron,  M  say,  on  any  chosen  scale 
of  atomic  weights. 

The  order  of  magnitude  of  5,  Jlf  1,  and  M%  suggests  first  consideration 
of  the  products  SMi  and  SM^,  whose  computed  values  are  13.46  and 
53.46,  the  latter  being  close  to  160/3  =  53-33;  but  a  form  of  relation 
more  likely  to  be  directly  theoretical  seems  to  be  approached  in  the  fol- 
lowing way. 

The  electromagnetic  radius  of  an  electron  on  the  hypothesis  of  a  uni- 
form volume  distribution  of  charge  is  ^ly^m  =  r  say;  the  corresponding 
radii  for  hydrogen  and  helium  nuclei  are  fi  =  rIM,  and  r%  =  4^/Mi,  these 
two  being  only  slightly  different  because  of  the  double  charge  of  helium. 
An  inquiry  as  to  the  meaning  of  these  hypothetical  ** radii"  in  the  light 
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of  the  theory  of  relativity  led  to  examination  of  the  geometric  means 
roi  =  (n'l)*  and  roj  =  (rrj)*,  and  it  was  noticed  that  the  unit  of  angular 
momentum  /  was  nearly  the  same  as  4microi,  the  computed  coefficients 
of  io~^®  being  1.042  and  1.045.  The  factor  4  suggests  exarriination  of 
mjcroa  which  gives  coefficient  1. 041.  Expressed  in  terms  of  the  invari- 
ants these  alternative  trial  relations  become 

SMi    =5/16    .    5Jlf,*  =  5/8  (7^.76) 

the  computed  ratios  of  left  to  right  members  being  1.0029  and  .9993. 
Although  the  helium  ratio  gives  here  the  better  fit  it  is  worth  noting 
that  if  the  hypothetical  value  Spz  be  used  the  hydrogen  relation  becomes 
practically  exact.  The  true  relation  may  be  some  compromise  deduc- 
ible  from  some  theory  capable  at  the  same  time  of  explaining  the  depar- 
ture of  Mt/Mi  from  the  even  4.  Though  less  simply  interpretable  an 
alternative  possibility  for  the  numerical  coefficient  appears  from  the  fact 
that  the  computed  value  ot  S/EMi  is  128.08,  suggesting  the  first  of  the 
following,  the  second  resulting  from  combination  with  (3), 

S/EMi  =  2'     ,     5ilfi»  =  (t/32)»,  SM2^  =  (irn\  (8,  7^,  7^ 

The  left  to  right  ratios  ot  the  last  two  are  1.0002  and  .9966,  the  hydrogen 
formula  here  giving  practically  perfect  fit.  Since  8^/25  =  1.0053  there 
is  a  curious  possibility  that  both  (76)  and  (7c)  might  be  valid  if  the 
atomic  weight  of  helium  were  about  4.008;  or  (7c)  and  (7a)  might  cor- 
respond respectively  to  the  true  hydrogen  and  to  some  ideal  unit  of 
atomic  weight.  To  decide  between  such  closely  agreeing  alternatives 
requires  greater  certainty  as  to  the  values  of  the  factors  than  is  now  to 
be  had,  the  difference  between  (7a)  and  (7c)  for  instance  being  about  ^ 
per  cent.     Elimination  of  between  (3)  and  (7c)  gives 

E'Mi'  =  7r/2«,  (9) 

which  shows  test-ratio  .9991  and  does  not  involve  the  Planck  constant. 
It  is  of  course  to  be  understood  that  any  equation  encountered  as  a 
result  of  combining  other  equations  may  prove  to  be  valid  independently 
of  the  validity  of  the  particular  relations  through  which  it  is  initially 
arrived  at.  There  may  also  be  possibly  useful  suggestions  obtained  by 
writing  the  same  equation  in  different  forms.  For  instance  equation 
(8)  is  equivalent  tofMi  =  cmX/128,  where  X  is  the  Rydberg  wave-length 
i/n  and  the  left  member  is  what  the  angular  momentum  of  a  proton 
would  be  if  it  revolved  with  the  same  speed  and  in  the  same  size  orbit  as 
would  give  an  electron  the  unit  of  angular  momentum.  There  may  be  a 
hint  here  of  some  connection  with  the  idea  which  associates  the  number 
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128  with  a  hypothetical  decomposition  of  the  hydrogen  nucleus,  1/128 
being  .0078.^ 

A  first  suggestion  for  a  gravitation  formula  is  found  in 

2£«/G5  =  /,  (10) 

the  computed  left  member  being  .9975.     Insertion  of  E  irom  (3)  gives 

G  =  5»V2'V.  (II) 

with  left  to  right  test  ratio  .9963.  This  is  a  close  fit  in  view  of  the  high 
exponent  of  5,  which  also  suggests  liowever  that  a  theoretical  deduction 
would  be  likely  to  be  rather  indirect.  Equation  (3)  and  suitable  rela- 
tions of  type  (7)  would  make  it  possible  to  express  in  terms  of  S  alone 
any  function  of  £,  5,  and  mass-ratios;  and  further  torms  would  result  by 
partial  substitution  of  an  assumed  value  for  5. 

There  is  also  a  certain  artificiality  in  the  use  of  G,  which  is  expressed 
entirely  in  term  of  electron  constants.  Since  gravitation  between  elec- 
trons is  purely  h>pothetical  there  is  better  chance  of  diiect  physical 
meaning,  for  instance  in  d  =  GMi'  =  ymi^je^  or  its  helium  mate,  which 
with  aid  of  an  equation  of  type  (7)  would  be  according  to  (11)  a  multiple 
of  5^.  It  is  also  likely  in  this  connection  to  be  more  fitting  to  use  instead 
of  the  pure  electron  invariant  £,  similarly  modified  expressions  like 
El  =  El  Ml  =  neriiic  where  171  =  ejcmu  or  £01  =  E/M^^  =  n«*/c*(mmi)*, 
which  treats  proton  and  electron  symmetrically. 

Another  hint  is  to  seek  a  formula  not  containing  the  action  constant, 
say  by  elimination  of  S  through  some  combination  of  (3)  and  a  (7),  so  as 
to  give  G  in  terms  of  E  and  some  Afs. 

A  formula  of  this  type,  found  in  fact  before  (10),  is 

G  =  3(E/Miy  s  3^1*  (12a) 

with  test-ratio  1.012;  this  may  be  written  d  =  3E01*,  If  the  ideal  M 
be  used  instead  of  Mi  the  ratio  is  .9815.  These  errors  are  nearly  enough 
equal  and  opposite  to  suggest  the  geometric  mean,  giving 

Gi  =  3E*/M^,  (126) 

which  tests  .9967,  which  is  at  least  as  close  as  the  data  are  known.  The 
form  of  these  equations  seems  prepossessing  from  the  point  of  view  of 
gravitation  as  a  residual  electrical  effect.  It  is  hardly  surprising  that 
the  problem  of  the  packing  effects  and  the  natural  unit  of  atomic  weight 
should  be  concerned  here  also,  or  that  there  should  be  initial  uncertainty 
as  to  what  mass-ratio  can  be  taken  as  representative  of  the  common 

*  Hinrich,  Rev.  G^n.  d.  Chim.  pure  et  appl.,  13,  351-354.  1910. 
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properties  of  matter  in  bulk.  In  view  of  the  earlier  suggestion  of  the 
possible  bearing  of  the  invariant  S  on  that  problem  it  is  conceivable  that 
the  right  members  here  need  refinement  by  factors,  for  instance  in  the 
form  of  power  series  in  5,  with  initial  term  unity,  after  the  manner  of 
Sommerfeld's  improved  formulas  for  series  of  the  Balmer  type.  In  fact 
(12b)  is  practically  equivalent  to  a  modification  of  (12a)  of  the  form 
G  =  3(£/Afi)^  (i  -  25-  •  •).  Since  E/Mi  =  5ri/4X  in  the  notation 
already  used  it  is  seen  that  these  equations  exhibit  ratios  of  gravitational 
to  electrical  forces  as  proportional  to  the  fourth  powers  of  ratios  of  elec- 
trical* to  optical  lengths.  The  possible  meaning  of  any  one  equation 
naturally  appears  in  somewhat  different  lights  according  to  what  quan- 
tities are  used  in  writing  it  and  which  are  thought  of  as  fundamental. 
Other  possibly  significant  combinations  of  equations  of  the  types  already 
given  are  readily  obtained. 

These  various  trial  equations  are  proposed  primarily  as  individual 
possibilities,  but  the  basic  problem  is  to  obtain  a  complete  set  of  equa- 
tions, giving  the  full  number  of  possible  independent  relations  between 
the  invariants  simultaneously  in  harmony  with  experimental  data. 
Since  such  a  set  has  not  hitherto  been  reached  by  theory  or  by  conjecture 
it  seems  worth  while  to  exhibit  the  following  two  samples  as  close  approxi- 
mations, the  first  being  an  extension  of  the  original  triple  (2,  3,  4),  the 
second  using  in  effect  a  substitute  for  (4)  while  retaining  the  others. 

In  each  case  the  program  is  to  choose  for  trial  a  set  of  six  independent 
hypothetical  relations  and  by  a  least  square  adjustment  find  differential 
corrections  to  the  initially  assumed  values  of  the  seven  dimensioned 
quantities  and  the  two  mass-ratios  so  that  these  relations  are  all  satis- 
fied. In  general  a  suitable  choice  of  weights  for  such  a  purpose  would 
be  more  or  less  conjectural  as  well  as  the  equations,  and  would  influence 
the  result  importantly.  In  the  present  instance,  however,  the  quanti- 
ties w,  c,  F,  equal  in  number  as  it  happens  to  the  number  of  primitive 
units,  are  by  common  judgment  understood  to  be  known  with  much 
greater  precision  than  the  others.  Any  reasonable  set  of  weights  then 
leads  to  a  solution  such  as  to  leave  the  values  of  those  quantities  practi- 
cally untouched,  and  in  effect,  to  the  number  of  decimal  places  sought, 
to  determine  the  others  in  terms  of  them.  The  two  illustrations  may  as 
well  then  be  set  forth  in  the  latter  sense. 

Hypothesis  I, — Equations  (2,  3,  4)  are  all  taken  as  valid,  so  5  is  deter- 
mined by  (5)  then  E  by  (3).  The  mass-ratio  1842.2  found  from  (7a)  is 
assumed  to  be  for  the  nucleus,  giving  1843.2  for  the  H-atom,  whose  atomic 
weight  is  supposed  to  be  i  +  5  +  .00055  =  1.00783,  hence  M  =  1829.9, 
and  ij  =  FM  =  1.7648  X  lo^    The  value  of  E  then  yields  e  =  4.756 
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X  lo"^®,  and  that  of  S  determines  h  =  6.509  X  lO""".  The  low  value  of 
the  product  eri  was  earlier  shown  to  be  unavoidable  under  these  assump- 
tions and  the  partition  seems  reasonable.  The  value  of  A/«*^*  is  1.753 
X  lo"^*,  while  Duane's  value  in  effect  has  coefl&cient  1.757,  the  difference 
being  a  little  less  than  34  per  cent,  and  the  error  on  the  side  toward  the 
lower  values  that  some  other  observers  have  obtained.  The  gravitation 
constant  from  (126)  is  6.683  X  lo"*. 

Hypothesis  II. — Equations  (2,  3)  are  used  with  S  and  E  determined 
by  (5a,  6a).  Then  Mu  here  also  taken  as  for  the  nucleus,  by  {^c)  is 
1844.8,  for  the  atom  1845.8.  Atomic  weight  of  hydrogen  as  in  I- gives 
M  =  1831.4,  so  17  =  1.767  X  10^,  and  e  =  4.778  X  IO-^^  h  =  6.556 
X  lO"'®,  A/e*'*  =  1.755  X  10"^*,  and  then  (10),  used  this  time  for  the 
gravitation  constant,  gives  7  =  6.696  X  io~*. 

It  seems  thus  quite  possible  that  some  of  the  equations  here  proposed 
foreshadow  theoretical  results  of  considerable  directness,  of  a  character 
as  required  for  completion  of  the  theory  as  it  now  stands. 

The  Unxvbrsity  op  Chicago, 
February  19,  1922. 
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THE  RATIO  OF  THE  TWO  ELEMENTARY  CHARGES. 

By  F.  W.  Loomis. 

Synopsis. 

Since  the  oil  drops  in  Millikan's  experiments  were  exactly  neutral,  ^  a  small 
integral  number  of  electronic  charges,  to  i/iooo  of  an  electron,  and  since  they 
contained  as  many  as  4  X  lo^^  protons  and  nearly  the  same  number  of  electrons, 
it  follows  that  the  magnUudes  of  the  charges  on  protons  and  electrons  are  equal  to  one 
part  in  4  X  id^^. 

IN  recent  years  and  particularly  since  the  work  of  Aston  it  has  become 
generally  accepted  that  all  matter  is  made  up  of  protons  and  elec- 
trons. It  is  usually  taken  for  granted  that  the  charge  on  the  electron 
is  the  negative  of  that  on  the  proton,  but  the  exactness  ot  this  relation  is 
rarely  discussed. 

Some  information  can  be  obtained  from  positive  rays.  Aston^  has 
found  that  the  positively  charged  atom  of  hydrogen,  i.e.,  the  proton, 
shows  a  deflection  corresponding  to  w/e  =  1.008  (in  units  of  atomic 
weight  and  electronic  charge).  Since  it  is  a  pure  element  and  its  chemi- 
cal atomic  weight  is  1.008,  the  magnitude  of  the  charge  is  found  to  be 
equal  to  that  of  the  electron  within  the  accuracy  of  Aston's  measure- 
ments, or  i/io  of  I  per  cent.  This  accuracy  is  sufficient  to  establish 
that  the  number  of  protons  in  a  "neutral"  atom  is  equal  to  the  number 
ot  electrons,  including  of  course  those  in  the  nucleus.  Hence  it  is  pos- 
sible that  a  more  precise  measurement  of  the  ratio  of  the  charges  might 
be  made  by  measuring  the  deflectability  of  the  "neutral"  atom;  though 
there  would  be  difficulties  due  to  the  confusion  of  the  trace  of  the  "neu- 
tral "  particles  with  the  darkening  caused  by  the  light  from  the  discharge 
tube. 

But  much  the  most  precise  value  of  this  ratio  can  be  deduced  from 
Millikan's  oil-drop  experiments.*  Millikan  measured  the  net  charge  on 
oil  drops  charged  in  several  ways  with  from  i  to  136  electrons  and  having 
masses  up  to  7  X  lo""^®  grams.  He  found  that,  within  i/io  of  i  per 
cent.,  the  charge  on  these  drops  was  alwayr  an  integral  multiple  of  e  = 
4-774  X  io~^  esu.  Now,  since  there  are  about  6  X  16"  protons  in  a 
gram  of  matter,  these  drops  contained  4  X  10^*  protons  and  very  nearly 
the  same  number  of  electrons.     Hence,  since  each  drop,  whatever  num- 

>  Aston,  Phil.  Mag.,  38  (1919).  P-  3I7. 

>  Millikan,  Phil.  Mag.,  34  (1917),  p.  i.     The  Electron,  p.  109. 


Digitized  by 


Google 


1 6  p.   W.  LOOMIS.  [toSS 

ber  of  protons  it  contained,  could  be  made  exactly  neutral  within  i/iooo 
ot  the  electronic  charge,  it  follows  that  the  ratio  ot  the  average  charge 
on  a  proton  to  the  average  charge  on  an  electron  is  equal  to  —  i  to  one 
part  in  looo  X  4  X  lo^*,  i.e.,  to  —  i  =fc  2.5  X  lo"".  Moreover  it 
would  seem  a  highly  improbable  coincidence  if  the  charges  of  protons 
or  electrons  should  vary  among  different  classes,  being  different  say,  in 
carbon  from  in  hydrogen,  or  if  the  charge  of  the  peripheral  electrons 
should  differ  from  those  in  the  K  ring  or  the  nucleus,  j^t  in  such  a  way 
that  the  average  charge  on  the  proton  came  out  exactly  equal  to  the 
average  charge  on  the  electron.  So  that  this  experiment  may  also  be 
considered  a  precise  confirmation  of  the  relativity  law  of  the  invariance 
of  electric  charge.^ 

Probably  no  physical  constant  is  more  accurately  known  than  this 
ratio.  The  precision  of  the  measurement  arises,  somewhat  as  in  inter- 
ference measurements,  from  the  fact  that  one  is  able  to  compare  the 
charge  on  a  large  and  necessarily  integral  number  (4  X  10^*)  of  protons 
with  a  similar  number  of  electrons  to  a  precision  of  i/iooo  of  a  single 
charge.  Millikan*  considered  the  evidence  that  his  experiments  afforded 
on  the  equality  of  positive  and  negative  elementary  charges.  But,  writ- 
ing at  a  time  when  Aston's  work  had  not  yet  identified  the  universal  atom 
of  positive  electricity,  or  proton,  and  when  it  was  natural  to  think  in 
terms  of  a  single  substance  theory  of  electricity,  he  merely  stated  that 
the  positive  and  negative  charges  acquired  by  his  drops  were  all  integral 
multiples  of  «,  and  hence  **the  mean  value  of  the  positive  electron  agrees 
with  the  mean  value  of  the  negative  electron  to  within  less  than  i  part 
in  2000."  He  was  not  then  in  a  position  to  count  up  the  total  number 
of  positive  and  negative  elementary  charges  and  state  that  they  were 
equal  to  within  one  part  in  4  X  10". 

It  is  at  present  most  convenient  to  think  of  matter,  or  electricity,  as 
made  up  of  two  fundamental  entities,  corresponding  to  protons  and  elec- 
trons. But  the  exactness  of  this  simple  relation  between  them,  analo- 
gous to  that  between  inertia  and  gravitation,  is  convincing  evidence  of 
an  underlying  unity. 

All  this  does  not  in  any  way  affect  the  theory  which  attributes  gravi- 
tation to  a  slight  excess  in  the  attraction  between  charges  of  opposite 
sign   over  the  repulsion   between   charges  of  the  same  sign.      Which 

^  Thus,  if  the  velocities  of  extra-nuclear  electrons  can  be  calculated  from  X-ray  data 
by  the  Bohr  theory,  it  follows  from  the  fact  that  the  above  phenomenon  is  observed  both  with 
oil  and  mercury  drops  that,  if  the  charge  is  proportional  to  (i  — i/'/c*)*,  then  |n|  <io*";  or  if 
the  charge  is  expressible  as  a  power  series  in  v/c,  then  the  first  term  which  can  have  a  co- 
efficient as  great  as  0.00 1  is  the  48th.  Still  more  exact  statements  can  be  inferred  from  any 
of  the  usual  assumptions  about  the  velocities  of  nuclear  electrons. 

*  Millikan,  The  Electron,  pp.  80-83. 
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theory,  in  view  of  the  now  recognized  identity  between  electricity 
and  matter,  is  really  not  an  explanation  of  gravity  at  all,  but  merely 
an  unexceptionable  statement  that  the  net  force  between  particles 
is  the  sum  of  the  electric  and  gravitational  forces.  Even  the  pre- 
cision of  Millikan's  measurements  is  not  enough  to  detect  this  excess 
gravitational  force,  as  one  can  see  without  computations;  for  the  effect 
to  be  expected  is  essentially  the  gravitational  attraction  between  the  oil 
drop  and  the  electrons  which  are  driven  around  from  one  condenser  plate 
to  the  other  when  the  electric  field  is  put  on.  Obviously  this  is  quite 
beyond  the  range  of  Millikan's  measurements,  which  would  have  to  be 
accurate  to  one  part  in  lo^  to  show  it. 
Nbw  York  Univbrsitt. 
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RADIATION  FROM  A  GROUP  OF  ELECTRONS. 

By  Lbigh  Pagb. 

Synopsis. 

Eleciric  Intensity  and  Radiation  Flux  at  a  Great  Distance  from  a  Croup  of  Electrons. 
— (i)  The  general  equation  for  the  intensity  is  obtained  from  the  field  equations  of 
classical  electrodynamics  by  expanding  the  retarded  expression  for  the  intensity 
due  to  a  point  charge: 
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where  R  is  the  distance  from  a  fixed  point  in  the  group,  r  is  the  position  vector  of 
each  electron,  v  its  velocity,  and  M  a  unit  vector  in  the  direction  of  R,  The  Poynting 
flux  is  merely  cE*.  The  terms  in  the  series  correspond  to  successive  orders  of 
radiation.  The  general  condition  for  the  absence  of  the  nth  order  of  radiation 
is  evidently  that  XefM^^v  —  constant.  (2)  For  a  ring  of  evenly  spaced  dectrons, 
the  radiation  of  all  orders  less  than  k,  the  number  of  electrons,  vanishes;  but  the 
radiation  of  order  k  does  not.  In  fact  Rk  ^  Ctfi^^'^Ru  where  0  is  the  speed  relative 
to  that  of  light  and  C*  is  a  constant  which  increases  rapidly  with  k,  so  that  for  most 
atoms  the  higher  order  radiation  from  a  ring  with  a  number  of  electrons  should  be 
even  greater  than  the  radiation  from  the  single  electron  of  the  hydrogen  atom. 
Only  in  the  case  of  a  continuous  distribution  of  electricity  along  the  ring  do  all 
orders  vanish. 

Radiationless  orbits  of  Bohr*s  atomic  theory  are  seen  to  be  in  definite  conflict 
with  classical  electrodynamics.  Even  the  rotation  of  an  asymmetrical  positive 
nucleus  would  not  neutralize  the  radiation  from  the  hydrogen  electron.  Therefore, 
the  advisability  of  seeking  some  other  interpretation  of  the  numerical  relationships 
established  by  the  theory  is  suggested. 

CLASSICAL  electrodynamics  requires  an  irreversible  radiation  of 
energy  from  a  solitary  electron  whenever  it  is  accelerated.  If, 
however,  a  number  of  electrons  at  distances  from  one  another  small 
compared  to  the  wave-length  emitted  are  accelerated,  the  radiations  from 
the  individual  electrons  may  interfere  in  such  a  way  as  to  annul  the  first 
order  radiation  from  the  group.  This  is  the  case  when  two  or  more 
evenly  spaced  electrons  revolve  in  a  single  circular  orbit.  When  the 
velocities  of  the  electrons  are  high,  however,  the  radiation  of  lowest  order 
which  does  not  vanish  may  be  quite  comparable  with  the  first  order 
radiation  which  would  be  emitted  if  all  the  electrons  save  one  were 
removed.  Therefore  it  has  seemed  worth  while  to  investigate  the  higher 
order  radiation  from  a  group  of  electrons  as  required  by  the  classical 
electrodynamics. 
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Choose  as  origin  some  point  0  in  the  group  of  electrons.  Describe 
about  0  a  sphere  of  radius  R  very  large  compared  to  the  greatest  distance 
between  electrons  in  the  group.  Let  c  be  a  vector  equal  in  magnitude 
to  the  velocity  of  light,  and  having  a  direction  from  0  toward  a  point  P 
on  the  surface  of  the  sphere.    The  Poynting  flux  at  P  is 

f  =  c(£  X  H). 
But 

H  =  i(cX£). 

and,  as  both  E  and  H  are  at  right  angles  to  c, 

$  =  cE?.  (i) 

The  retarded  electric  intensity  at  a  distance  R  from  an  electron  ^  is 


^__^^[(c-„)+^{/X(c-.)|Xc] 


in  Heaviside-Lorentz  rational  units,  where  v  is  the  velocity  of  the  electron^ 
/  its  acceleration,  and  jfe*  »  i  —  /3*,  where  fi  =  v/c.  By  making  R  great 
enough,  the  first  term  can  be  made  as  small  as  desired  compared  to  the 
second,  and  hence  at  P 

Let  r  be  the  position  vector  of  an  electron  in  the  group  relative  to  the 
origin  O  at  the  time  o.  Denote  by  Af  a  unit  vector  in  the  direction  of  c. 
Let  r.  be  the  position  vector  of  the  electron  at  the  time  r^*M/c.  Then 
T0  specifies  the  effective  position  of  the  electron.  The  radiations  emitted 
by  all  the  electrons  when  in  their  effective  positions  will  reach  P  at  the 
same  time  Rjc,  The  electric  intensity  involved  in  this  radiation  will 
now  be  calculated. 

Replacing  c  in  (2)  by  cM,  and  expanding,  the  electric  intensity  at  P 
due  to  a  single  electron  can  be  put  in  the  form 


£  = 


^tRc^ 


[((7^isr.+'-v^(T^«v|x«]x'' 


*See  the  author's  ''Introduction  to  Electrodynamics,"  p.  29.  or  Abraham,  "Theorie  der 
Electrizitat/'  Vol.  II..  p.  99- 
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Now, 


/*  = 


r.'M 


and  after  a  time  dt  has  elapsed  at  O  (Fig.  i), 


:i::^^; 


Hence 


or 


Therefore 


Fig.  1. 


dl,  s  //  -  t. 

^dt  +  fi.'Mdt. 

I  d       d 


I  -  fi^^Mdt.     dt 


[^•x«]x« 


4t2?c* 


Put 


T   = 


r-M 


r.M 


Then 


2  (n-i)! 


and 


fSBCOMD 

LSbiiis. 


(3) 


(4) 


(5) 


T.  =  r  +  fr.  +  -rr.*-  •  •  +  ^ ^-,  r<"-»r.-»-  •  • 

2  («-l)! 

T.*  =  T*  +  ^  r.  +  i  7^  r.*-  •  •   + ^,  r«("-«T."-i- 

2  (n  —  i)! 


r-  =  T-  +  r» T.  +  i  r» T.»-  •  •  +  ,-— ^^  r»<"-"r.-»-  •  •       (6) 
2  (»-i)! 
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The  solution  of  (6)  is 


rj-  =  r-  +      ^     T-+^  -L       ^ 


m  +  I  2-m  +  2 

(n-i)!m  +  n-i  "^^^ 

The  correctness  of  this  solution  may  be  proved  by  mathematical  in- 
duction. For  assume  that  the  solution  has  this  form  for  the  first  n  terms 
of  r„  for  the  first »  —  i  terms  of  t«*,  and  in  general  for  the  first  n  —  m  +  i 
terms  of  r,"  for  all  m's  less  than  n  +  i.  Then  by  substituting  the  as- 
sumed terms  in  (6),  the  n  —  m  +  2  term  of  r,*  is  found  to  be 

L.^^  r  ^(»-i-+i)^«-«+i  +  (^  -  ^)^(— •>^«-«+i<i>  +  etc.  1 , 

(n-w  +  i)!L  J 

which,  by  Leibnitz's  theorem  for  the  ftth  derivative  of  the  product  of 
two  factors,  is  equal  to 


(n  —  m  + 


(n  -  m  + 
m 


(n  —  m  +  i)\n  +  I 


which  is  the  form  predicted  by  (7)  for  the  »  —  m  +  2  term. 

Now  the  first  term  of  Te  is  obviously  r.  Hence  all  the  terms  of  all 
the  series  are  as  given  by  (7). 

Substituting  in  the  expression  (5)  for  u  the  values  of  xg"  given  by 
(7),  the  »th  term  of  r«  is  found  to  be 

— L-^^  [!;(»-«) ^--i  +  (n  -  2)i;<'^T*-i^'^  +  etcl 
(n-i)!L  J 

(n  -  i)!dr-«^         ^ 
Hence 

...,  +  ,.+i|(.^)...+_L_,gl(...-:)...  (8) 

and  substitution  in  (4)  gives  the  electric  intensity  due  to  a  single  electron 
at  a  great  distance  R  from  the  group  in  the  direction  M.    Summing  up 
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over  all  the  electrons,  and  replacing  r  by  r-M/c,  the  total  electric  inten- 
sity at  P  is  seen  to  be 


E  = 


...  + 


[{|(  2^^)  +^S(  ^^^-^^^  +^£(  ^^'^^'^ 

jxAflxM. 


(  2(?r.M"  'v) 


(n-i)\c-^dr  '  '^'^  ^'*      ^/        J  ^  .~j^  ....        (9) 

Now  (i)  shows  that  the  condition  for  absence  of  radiation  is  that  E 
shall  vanish  for  all  directions  of  M.  If  the  electrons  are  to  remain  in  a 
group,  and  not  become  separated  further  and  further  as  time  goes  on, 
this  condition  requires  that  each  of  the  vector  sums  enclosed  in  paren- 
theses in  (9)  shall  remain  constant  in  time.  Therefore  in  scalar  nota- 
tion the  conditions  for  absence  of  radiation  of  each  order  are: 


Ordorof 
Radiation. 

No.  of  Condition!  for 
Motion. 

No.  of  Condition!  for 
Motion. 

1st 

2d 

Ze'xj  =  const. 
ZeXaXj  =  const. 
ZeXaXbXj  =  const. 

3 

9 

18 

2 
4 

3d 

6 

ffth 

ZeXaXb  • '  •  Xn-iXi  «  const. 

3  nin  +  1) 
2 

2n 

where  ^1,  xt,  Xz  are  rectangular  coordinates,  and  the  suffixes  a,  6,  c-  •  • 
assume  values  corresponding  to  all  independent  combinations  of  i,  2, 
and  3,  j  having  successfully  the  values  i,  2,  and  3.  As  Larmor^  has 
pointed  out,  a  necessary  but  not  sufficient  condition  for  absence  of 
second  order  radiation  is  that  the  magnetic  moment  of  the  group  remain 
constant. 

An  interesting  application  of  the  conditions  for  absence  of  radiation 
can  be  made  to  the  case  of  k  evenly  spaced  electrons  revolving  in  a  fixed 
circular  orbit  with  constant  speed.  The  conditions  for  absence  of  radia- 
tion of  the  nth  order  become 


€Qa"22  sin*   (6  +  P)  cos^  {B  +  P)  =  const., 


(10) 


where  12  is  the  common  angular  velocity  of  the  electrons,  a  the  radius  of 
the  orbit,  a  and  /3  any  positive  integers  whose  sum  is  «,  ^  the  angular 
displacement  of  the  first  electron,  and 

P  s  y  (/>  ~  i), 

the  summation  over  the  electrons  extending  from  p  =  i  to  p  =  k. 

1  Phil.  Mag..  42,  595,  192 1. 
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Writing  the  sine  and  cosine  in  exponential  form,  expanding  by  the 
binomial  theorem  and  multiplying,  each  term  in  (10)  is  easily  seen  to 
have  the  form 


cZ«'^"-'^-''^"*-''*'  =  /W 


I  —  «* 


where  5  and  /  are  positive  integers  such  that 

s  +  t^n, 

and  C  is  a  constant  not  containing  6. 

When  n  —  2  (5  +  0  is  zero,  the  term  reduces  to  the  constant  pC, 
which  is  not  a  function  of  6  and  hence  does  not  vary  with  the  time. 
Otherwise  each  term  vanishes  except  when  n  —  2  {s  +  t)  is  equal  to  an 
integral  multiple  of  k.  But  this  cannot  occur  if  n  is  less  than  k.  Hence 
the  radiation  of  all  orders  less  than  the  number  of  electrons  in  the  ring  van- 
ishes.  Thus,  if  there  are  two  electrons  in  the  ring,  the  first  order  radia- 
tion will  vanish;  if  there  are  eight  electrons,  radiation  of  the  first  seven 
orders  will  vanish. 

Suppose  that  the  number  k  of  electrons  in  the  ring  is  even.  Then  all 
odd  orders  of  radiation  vanish,  for  n  —  2  (5  +  /)  cannot  equal  k  for  n 
odd.  Similarly,  if  the  number  of  electrons  in  the  ring  is  odd,  all  even 
orders  of  radiation  less  than  2k  vanish. 

If  the  number  of  electrons  in  the  ring  is  infinite,  the  radiation  of  all 
orders  vanishes.  Hence  a  continuous  ring  of  electricity  of  uniform  den- 
sity rotating  about  its  axis  of  symmetry  will  not  radiate — a  well-known 
result.^ 

The  radiation  emitted  by  any  specified  group  of  electrons  may  easily 
be  calculated  from  (9)  and  (i).  Thus  the  total  radiation  of  lowest  order 
emitted  by  a  pair  of  electrons  revolving  in  a  circle  so  as  to  be  always  at 
opposite  ends  of  a  diameter,  is  the  second  order  radiation.  In  Heaviside- 
Lorentz  rational  units,  it  amounts  to 

R2  =  g-ep'Ri.  (II) 

where 

is  the  first  order  radiation  that  would  be  emitted  by  one  of  the  two  elec- 
trons in  the  absence  of  the  other.  Therefore  the  second  order  radiation 
from  a  pair  of  electrons  is  greater  than  the  first  order  radiation  from  a 

>  Sdiott.  Phil.  Mag.,  jd.  255.  1918. 
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single  electron  traversing  the  same  orbit  at  the  same  rate  if 

On  Bohr's  theory  of  the  atom  this  occurs  in  the  K  rings  of  elements  of 
atomic  number  greater  than  44  (ruthenium).  Furthermore,  a  simple 
calculation  shows  that  the  second  order  radiation  from  the  pair  of  elec- 
trons in  the  K  rings  of  elements  of  atomic  number  greater  than  2  (hel- 
ium) should  be  greater  than  the  first  order  radiation  from  the  single 
electron  in  the  hydrogen  atom  when  it  is  in  the  first  Bohr  ring. 

In  general,  if  k  evenly  spaced  electrons  are  revolving  in  a  circular  orbit, 
the  radiation  of  the  ftth  order  (which  is  the  lowest  order  which  does  not 
vanish)  is 

where  the  numerical  constant  C*  increases  rather  rapidly  with  Jfe,  being 
9.6  for  two  electrons  and  173  +  for  four  electrons. 

The  chief  object  of  this  paper  is  to  emphasize  the  inconsistency  be- 
tween Bohr's  theory  of  the  atom  and  classical  electrodynamics.  In  the 
case  of  the  hydrogen  or  ionized  helium  atom,  where  the  theory  has  been 
most  successful,  Bohr  requires  the  single  electron  to  revolve  about  the 
nucleus  in  a  circular  or  elliptical  orbit  without  radiating.  Electrody- 
namics, on  the  other  hand,  allows  no  possibility  of  orbital  motion  of  a 
solitary  electron  without  radiation.  Even  in  the  case  of  a  number  of 
electrons  following  one  another  around  the  same  orbit,  the  higher  order 
radiation  emitted  should  be  greater,  in  the  case  of  most  atoms,  than  the 
first  order  radiation  from  hydrogen.  Now  the  radiation  of  energy  speci- 
fied by  the  Poynting  vector  is  one  of  the  most  fundamental  properties 
of  classical  electrodynamics.  Hence  it  is  difficult  to  see  how  electro- 
dynamics and  Bohr's  theory  of  the  atom  can  ever  find  a  common  ground. 
This  raises  the  question  of  the  advisability  of  seeking  for  other  than  a 
dynamical  interpretation  of  the  numerical  relationships  which  Bohr's 
theory  has  been  so  successful  in  establishing. 

It  might  be  thought  that  the  radiation  from  the  single  electron  in  the 
hydrogen  or  ionized  helium  atom  might  be  annulled  by  radiation  from 
an  symmetrical  nucleus  rotating  at  the  same  rate  as  the  electron.  Sup- 
pose, for  instance,  that  the  hydrogen  nucleus  consists  of  two  small  co- 
incident circular  rings  of  electricity,  one  positive  and  the  other  negative, 
rotating  in  opposite  senses  about  their  common  center,  and  having 
charges  of  such  densities  that  the  net  charge  on  the  nucleus  is  one  unit 
of  positive  electricity.  Investigation  shows  that  the  asymmetric  distri- 
bution of  charge  and  the  angular  velocity  of  rotation  can  be  chosen  so 
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as  to  satisfy  the  conditions  of  each  order  for  absence  of  radiation  from 
the  atom.  But  the  equal  quantities  of  positive  and  negative  electricity 
which  must  be  distributed  asymmetrically  on  the  two  rings  to  annul  the 
radiation  of  each  order  become  greater  and  greater  as  the  order  increases, 
as  indeed  is  evident  from  the  fact  that  the  exponent  of  r-M  in  the  terms 
of  (9)  increases  with  the  ordinal  number  of  the  term.  Hence  the  pres- 
ence of  infinite  amounts  of  both  positive  and  negative  electricity  within 
the  nucleus  would  be  required  in  order  to  make  possible  the  entire  annul- 
ment of  radiation  from  the  atom — a  condition  which  makes  the  formal 
solution  of  the  problem  of  no  physical  value. 

Sloans  Physics  Laboratory. 
Valb  University. 
Jan.  a6. 193a. 
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ANOTHER  ETHER-DRIFT  EXPERIMENT. 

By  Roy  J.  Kennedy. 

Synopsis. 

Introduction, — ^The  ether  drift  e3q)eriment8  heretofore  performed  seem  to  have 
proven  the  reality  of  the  Lorentz-Fitzgerald  contraction,  but  the  explanation  of  the 
negative  results  requires  nothing  further.  The  experiment  forming  the  subject 
of  this  paper  is  designed  to  detect  ether  drift  or  to  confirm  the  time  transformation 
between  relatively  moving  systems,  which  is  an  essential  part  of  the  theory  of 
relativity. 

Theory. — ^Assuming  Huyghen's  principle  and  the  Lorentz-Fitzgerald  contraction 
it  can  be  shown  that  the  paths  of  light  rays  relative  to  a  system  are  unaffected  by 
its  motion  or  orientation  in  the  medium  transmitting  the  light.  The  relative  phases 
of  two  homogeneous  beams  superposed  under  large  retardation  are  unaffected  by  the 
orientation  but  not  by  the  velocity  of  the  system.  The  effect  sought  in  this  experi- 
ment depends  on  the  velocity  change  due  to  the  alternate  adding  and  subtracting 
of  the  earth's  orbital  motion  and  that  of  the  solar  system  as  a  whole. 

Apparatus  and  Method. — ^A  delicate  optical  system  is  used  in  which  a  half-shade 
analyzer  measures  the  variation  with  change  of  phase  of  component  beams,  of  the 
position  of  the  plane  of  polarization  of  a  beam  resulting  from  the  superposition  of 
two  oppositely  circularly  polarized  ones.  The  change  manifests  itself  as  an  un- 
balancing of  a  uniform  photometric  field.  The  smallest  effect  to  be  expected 
according  to  the  classical  ether  theory  is  shown  to  be  several  times  the  least  detectable 
with  the  experimental  arrangements,  so  that  conclusive  evidence  for  or  against 
the  relativity  principle  should  be  obtained. 

Introduction, — The  negative  results  of  all  experiments  devised  to 
detect  relative  motion  between  the  earth  and  the  ether,  which  gave  rise 
to  the  theory  of  relativity,  can  be  explained  without  modification  of  the 
classical  electromagnetic  theory  if  the  forces  on  which  the  size  and  shape 
of  rigid  bodies  depend  are  assumed  to  be  electrical.  For  then  the  Lo- 
rentz-Fitzgerald contraction  of  the  experimental  apparatus  follows  nec- 
essarily, and  nothing  further  than  the  contraction  is  required  to  account 
for  the  absence  of  any  physical  effect  of  motion  with  the  arrangements 
heretofore  used.  For  this  reason  the  hypothesis  of  the  relativity  of  time, 
which  is  essential  to  the  theory  of  relativity,  appears  to  be  a  gratuitous 
assumption.  This  paper  is  an  outline  of  an  experiment  which  is  in- 
tended to  detect  ether-motion  or,  failing  that,  to  establish  the  validity  ot 
the  Lorentz-Einstein  time  transformation.  It  is  being  performed  by  the 
writer  at  the  Palmer  Physical  Laboratory. 

Apparatus, — ^The  arrangement  of  apparatus  is  as  shown  in  Fig.  i.  A 
beam  of  homogeneous  plane-parallel  light  polarized  in  a  plane  inclined 
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at  an  angle  of  45°  to  that  of  the  paper  falls  on  a  WoUaston  prism  W  which 
divides  it  into  two  beams  of  equal  intensity  and  plane  polarized  in  planes 
at  right  angles  to  one  another.  The  one  whose  plane  of  polarization  is 
in  the  plane  of  the  paper  passes  to  the  mirror  Afi,  from  which  it  is  re- 
flected to  mirror  Afj,  and  thence  to  a  partially  silvered  mirror  Mz,     Here 


Fig.  1. 

it  is  reflected  and  superposed  on  the  other  ray,  which  is  polarized  in  a 
plane  at  right  angles  to  the  paper  and  pass^  through  Mz.  The  elKpti- 
cally  polarized  beam  resulting  from  this  superposition  passes  through  a 
Fresnel  rhomb  i?,  so  placed  as  to  render  it  plane  polarized,  the  inclina- 
tion of  the  plane  of  polarization  depending  on  the  phase  relation  between 
the  two  beams  combining  at  Mz.  From  R  the  beam  passes  between  and 
through  the  small  nicols  NN,  whose  principal  sections  are  parallel, 
through  the  analyzing  nicol  A  and  to  the  eye  at  E  by  way  of  the  lens 
system  LL,  The  nicols  NN  are  fixed  in  position,  while  the  nicol  A  is 
rotatable  about  an  axis  in  the  direction  of  the  rays  through  it,  its  position 
being  read  off  a  graduated  circle.  The  optical  parts  are  mounted  so 
that  temperature  changes  are  compensated  for  and  do  not  affect  the 
paths  of  the  rays. 

Such  an  arrangement  provides  a  very  sensitive  measure  of  any  change 
in  relative  phase  of  the  two  superposed  beams.  It  can  be  shown  that  if 
the  plane  of  polarization  of  the  light  emerging  from  the  rhomb  R  makes 
an  angle  $  with  the  planes  of  the  principal  sections  of  the  nicols  NN,  and 
^  is  the  angle  between  the  principal  sections  of  NN  and  of  A  when  the 
latter  prism  is  set  so  that  it  lets  through  equal  amounts  of  the  light 
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passed  through  and  between  NN,  then  to  a  small  change  dS  in  $  there 
corresponds  a  change  in  ^ 

1+3  cos*^ 

Since  for  the  greatest  sensibility  6  must  be  small  (not  greater  than  two 
or  three  degrees),  ^  will  be  about  half  of  50.  The  light  emerging  from 
R  may  be  regarded  as  the  resultant  of  two  oppositely  circularly  polarized 
beams;  a  little  consideration  will  show  that  its  plane  will  rotate  through 
i8o°  as  the  relative  phase  of  the  component  beams  varies  through  360® 
or  one  wave.  With  a  sufficiently  intense  source  of  light  the  analyzeV  A 
can  be  set  accurately  to  one-hundredth  of  a  degree;  that  is,  a  change 
5^  =  o.oi  can  be  detected.    Therefore  a  change  in  the  phase  <t>  of 

^      2  X  .01°         I 

54>  =  — ^  -     = wave 

180°         9000 

can  be  detected.  An  ordinary  Michelson  or  Fabry  and  Perot  interferom- 
eter could  be  used  but  for  their  low  sensibility. 

Theory. — ^Assuming  the  existence  of  an  ether  with  respect  to  which 
the  surface  of  the  earth  and  the  apparatus  are  in  motion  with  a  velocity 
»,  and  the  Lorentz-Fitzgerald  contraction  which  reduces  dimensions  in 

I        ^ 
the  direction  of  motion  in  the  ratio    ^  i  —  -5  :      i    (where  c  is   the 

velocity  of  light  in  ether),  the  theory  of  the  experiment  is  as  follows: 


FiK.  2. 
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In  Fig.  2  the  dotted  broken  lines,  WMiMiMz  and  WMz  represent 
the  paths  of  the  two  beams  relative  to  the  apparatus.  The  full  lines 
WMi'Mt'Mt'  and  WMz'  are  the  paths  as  referred  to  the  ether.  The 
dotted  line  sketch  of  the  Wollaston  prism  and  the  mirrors  shows  them 
in  the  position  occupied  at  the  instant  the  lower  beam  leaves  the  prism. 
The  full  line  sketches  show  the  positions  of  the  mirrors  as  they  are  suc- 
cessively reached  by  the  wave  front,  and  of  the  prism  at  the  instant  of 
starting  of  the  upper  train  which  will  combine  at  Mt  with  the  lower. 
Mt"  is  position  of  mirror  Mt  at  the  instant  when  the  wave  front  starts 
from  Ml  and  M$'  is  that  of  the  mirror  Mt  when  the  wave  front  leaves 
Mt'. 

Let  the  lengths  WMi  equal  /i,  MiM%  equal  /s,  M%Mt  equal  /»,  and  WMt 
equal  lit  these  being  the  values  which  would  be  measured  by  an  observer 
stationary  in  the  ether  —  the  "contracted"  values.  Let  the  direction 
of  motion  makes  angles  a  with  WMu  P  with  MiM%,  y  with  M%Mz  and  b 
with  WMz.  Consider  first  the  ray  from  the  prism  to  the  mirror  M\, 
Due  to  the  motion  of  the  system,  its  actual  path  in  the  ether  will  be  along 
WMi  instead  of  WMu  and  if  the  time  required  for  the  light  to  travel 
this  distance  is  tu  we  have  from  the  geometry  of  the  figure, 


(?ti^  =  WMi^  +  Af lAf /'  -  2  WMi  MiMi'  cos  <  WMiMi' 
=  /i*  +  t^/i*  —  2  livti  cos  (t  —  a) 
=  /i*  +  »*/i*  +  2livti  cos  a. 

After  reflection  at  Mx   the  light  travels  to  M%  in  time  1%  a  distance 
whose  square  is 


c^tf  =  Mi'Mt'^  =  Mi'Mt'^  +  Mt"Mt^  -  2  Mi'Mt"  Af,"Af,'  cos  fi 
=  V  +  t^tf  -  2  ytt  cos  /3. 

After  reflection  at  M%  the  ray  proceeds  to  Mz'  in  time  ^3  a  distance 
whose  square  is 


(?tf  =  Mt'Mt^  =  Mt'Mt"^  +  Mz"Mz^  -  2  Mt'Mz"  Af /'M,' cos(i— 7) 
=  l^  +  vtf  +  2  Ifitz  cos  7. 

At  Mz  the  ray  combines  with  one  directly  from  W  which  has  gone  in 
time  U  a  distance  given  by 


cm  =  W'Mz^  =  W  +  ^t^  +  2  IffiU  cos  a. 
Solving  these  four  equations  and  rejecting  one  physically  meaningless 
solution  of  each  we  obtain 

/i=^A__^rcosa+c^l  -^sin«aj. 
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U  ^j^(^vco8  8  +  cyji  -^8in«aj  . 

If  we  represent  by  primed  letters  the  distances  between  pairs  of  points 
in  the  system  when  it  is  at  rest  (which  are  the  distances  actually  obtained 
by  measurement  by  an  observer  moving  with  the  system)then  any  length 
/  =  r  Vi  —  (v^/c*)  cos*  w  where  «  is  the  angle  between  direction  of  the 
motion  and  the  line  joining  the  two  points.  For  the  component  /»  of 
the  length  perpendicular  to  the  motion  is  unaffected  while  the  parallel 
component  /,  is  contracted  to  Vi  —  (v*/c*)  times  its  value  when  sta- 
tionary, and 

/  =^  VV  +  y  =  \(/'  sin  «)»  +  (l'^JI  -  ^cos  « Y 


=  /'  -Jsin*  CO 


+  cos*  W COS*  w 


=  ^' Y  "^^^^"• 


Therefore 


h  =  ^I'-v/l jcos*a,         h  =  W  ^i jcos*7, 

^  =  V  -Ji J  cos*/3,         ^4  =  W  yli  — 5Cos*5. 

Substituting  these  values  in  formulas  (i) 


/.=^-!r^(fC08a^l_^cos»a 


,  /  »*  »*  V*  \ 

+  Cyji ^sin'a  —  -5  cos*a  +^sm*a  cos***  J 

=  ^TT^  ("  <=<^  «  V  I    -  ^   COS»«  +  C -y/l   -  ^  ). 

neglecting  the  fourth  order  term    Mc^)  sin*a   cos*a.    Similar  relations 
hold  for  tt,  h  and  ti  so  that  the  retardation  of  the  reflected  ray  relative 
to  the  direct  ray  may  be  written 
T  =  ti  +  tt  +  h-t, 
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-  ^ir^\y\li^i  -  -^  COS*  acos  a  -  Wyji   -  -,  cos«  i5  COS  /3 

+  W^^i  —  ^  COS*  7  COS  7—  //\  I  —  ^  COS*  5  COS  5  j 

+  cyji  -  J(/,'  +  V  +  //-/40]• 
The  coefficient  of  v  in  this  expression  is  zero,  since  it  is  the  algebraic  sum 
of  the  projections  of  the  sides  of  a  closed  figure  on  a  line  (the  direction  of 
motion).    Hence 

T  -  ^V^  "  ^  (//  +  V  +  W  -  //). 
c*-»* 
I 


^  ,_  l^iw  +  v  +  w  -ur 


'^: 


As  would  be  expected,  this  retardation  is  not  a  function  of  the  orienta- 
tion of  the  system;  this  is  indicated  by  the  absence  of  a,  /3,  7  and  8  from 
the  expression  for  T.  Its  value  does,  however,  depend  on  the  velocity 
of  the  system.     For  another  value  v'  of  the  velocity,  the  new  retardation 


r  =    /     ;;;i(//  +  v  + //-//) 

and 


'-^-[ilr^-. 


'      W,'  +  v  +  /.'  -  // 


/.'  +  h'  +  w  - 1: 


^       2(?        8c« 


»«-»'' 


-(v  +  /i' +  /.'-//) 


2C» 

to  a  very  close  approximation.  This  quantity  is  the  difference  between 
the  time-retardations  for  the  two  velocities.  The  change  i^  in  the  num- 
ber of  waves  corresponding  to  this  time  is  T — T'  multiplied  by  the 
fr^uency  of  the  light  employed.     But  the  frequency  equals  c/X,  so  that 
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Up  to  the  last  step,  nothing  in  the  argument  is  contrary  to  the  rela- 
tivity hypothesis  if  the  times  T  and  T'  be  taken  as  determined  by  an 
observer  stationary  in  the  ether.  The  departure  is  in  assuming  X  to 
be  the  same  for  both  velocities,  v  and  t/.  For  according  to  the  rela- 
tivity time  transformation,  the  indication  of  a  clock  in  one  system 
during  the  interval  between  two  events,  as  observed  from  the  other 
System,  is  equal  to  Vi  —  (»*/c*)  times  the  indication  of  a  dock  in  the 
latter  between  the  same  events.  To  an  observer  stationary  in  the 
ether,  then,  any  time  indicator  in  the  apparatus  of  this  experiment  should 
run  slow  in  the  above  ratio.  A  luminous  emitter  is  a  form  of  dock 
of  which  the  indication  is  expressed  as  a  certain  number  of  waves.  If 
its  rate  decreases  to  Vi  —  (t^/c*)  times  its  rest  value,  the  wave  length 
corresponding  to  a  given  spectral  line  will  increase  in  the  inverse  ratio; 
i.e.,  if  Xo  be  the  wave  length  corresponding  to  the  line  when  the  system 

Xo 
is  at  rest  in  the  ether,  the  wave  length  for  a  velodty  v  will  be      . 

If  this  value  is  substituted  in  the  expression  for  the  retardation  in  waves 
( =  3r  times  the  frequency)  we  have 

^'^  ""  (^i'  +  h'  + 1,'  -  U) 


4^$ 


//  +  h'  +  w  -  // 


This  is  quite  independent  of  v  and  would  predict  a  negative  result  for 
the  experiment. 

The  effect  to  be  expected  if  the  frequency  is  not  affected  by  the  motion 
is  well  within  the  range  of  the  apparatus.  It  has  been  found  possible  to 
secure  interference  with  a  retardation  (equal  to  (//  +  W  +  W  —  //)A) 
of  over  a  million  waves,  so  it  is  probable  that  half  that  retardation  will 
be  found  feasible.  It  was  shown  above  that  a  value  of  ^  equal  to  -^^^ 
wave  could  be  detected  under  good  conditions.  As  a  conservative  esti- 
mate let  us  assume  that  about  ^^  wave  is  the  least  value  under  the  less 
favorable  condition  of  high  retardation  that  will  obtain  in  the  experi- 
ment. The  least  difference  of  the  squares  of  the  velodties  (in  miles  per 
second)  detectable  will  then  be 

«=  69,  approximately. 
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This  is  about  four  times  the  value  of  the  diurnal  difTerence  of  squares  if 
the  earth  is  supposed  to  have  a  velocity  with  respect  to  the  ether  equal 
to  its  orbital  velocity  merely  (the  least  that  can  be  ascribed  to  it).  If 
the  velocity  is  twice  this  at  some  time  of  the  year  the  effect  would  be 
just  observable.  The  yearly  variation  due  to  the  motion  of  the  solar 
system  as  a  whole  should  be  many  times  as  great.  If  this  latter  speed 
is  no  greater  than  that  towards  the  constellation  Hercules  —  which  is 
supposed  to  be  the  average  velocity  with  respect  to  the  whole  sidereal 
system  —  which  has  a  maximum  component  in  the  earth's  orbital  plane 
of  slightly  more  than  six  miles  per  second,  the  maximum  and  minimum 
values  of  the  velocity  are  18  +  6  and  18  —  6,  so  that  V  —  V*  = 
24*  —  12*  =  432.  It  is  quite  probable  that  the  actual  velocity  is  much 
greater. 

If  the  experiment  does  show  relative  motion  between  earth  and 
ether,  it  will  be  possible  to  determine  the  absolute  value  of  it.  For  the 
difference  between  the  first  powers  of  the  two  velocities  will  be  known 
from  the  earth's  orbital  and  rotational  velocities,  and  the  experiment 
will  give  the  difference  between  their  squares,  thus  supplying  the  two 
equations  necessary  to  determine  two  unknowns.  If  no  positive  effect 
is  obtained,  the  relativity  time  transformation  between  a  system  sta- 
tionary in  the  ether  and  one  moving  with  respect  to  it  would  seem  to 
be  confirmed. 

Palmsr  Physical  Laboratory, 

Princbton  University, 

February,  zgaa. 
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NOTE  ON  THE  LORENTZIAN   ELECTRON. 

By  I.  Maizlish. 

Synopsis. 

The  Bffea  of  a  Uniform  Dilation  of  the  Lorentuan  EUOron. 

Assuming  that,  in  addition  to  the  contraction  in  the  line  of  motion,  the  Lorentzian 
electron  experiences  a  uniform  expansion  proportional  to  a  function.  \(fi),  of  the 
ratio  of  its  velocity  to  that  of  light,  the  author  derives  general  expressions  for  the 
longitudinal  and  transverse  momenta  and  masses,  and  shows  that  a  dilation  equal  to 

Gfi 


G^+«»^i-/3* 


would  leave  the  longitudinal  mass  unaltered  whatever  G  and  5  may  be.  But  if 
both  masses  are  to  be  identical  with  those  given  by  the  formulae  of  Lorentz.  then 
there  can  be  no  uniform  dilation  of  the  electron. 

1.  It  IS  usually  assumed  that  the  Lorentzian  electron  suffers  only  a 
contraction  in  the  line  of  motion.  Suppose  that,  in  addition  to  this  con- 
traction, the  electron  experiences  a  uniform  expansion  (or  contraction) 
of  amount  G(a,  cr)X(/3);  where  p  s  (v/c),  r=  velocity  of  the  electron, 
c  =  velocity  of  light,  X(/3)  is  a  function  of  /3,  a  is  the  radius  of  the  elec- 
tron, a  is  an  arbitrary  constant  (e.g.,  the  electronic  charge),  and  G(a,  <r) 
is  an  arbitrary  function  of  a  and  <r.  Let  it  be  required  to  find  that  func- 
tion, X(/3),  of  p  which  will  give  the  Lorentzian  masses  for  all  velocities. 

2.  Let  symbols  without  subscript  refer  to  the  moving  system,  and 
those    with    subscript  i   to    the    corresponding    static    system.     Then 

x  =  G{a,a)Hp)S'n,jcu 

y  =  G(a,  a)\{p)yu  (i) 

z  =  G(a,  a)\(p)zu 
where  5  s  i  —  /3*. 

We  also  have  the  relation:* 

Jt^-'Tx  (^^ 

»  O.  W.  Richardson,  The  Electron  Theory  of  Matter,  second  edition  (1916).  p.  218.  The 
electron  is  supposed  to  move  in  the  direction  of  the  X-axis.  For  the  sake  of  completeness  I 
have  included  some  equations  which  are  not  necessary  for  the  argument. 
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From  equations  (i)  we  get  immediately: 
d  I  d 


dy^  G'\(p)  '  dyi' 
d  I  d 


(3) 


dz    G'\{p)   a«i' 

where  G  =  G(a,  <r).     The  equations  which  we  will  make  use  of  are: 

I  3*U  V 

idV 
and  H  =  VX  U.  (7) 


If  we  make  use  of  equation  (2),  equation  (4)  may  be  put  under  the 
form: 

ay 

d2« 


Let  us  now  change  (8)  to  ''static  co6rdinates."     From  equations  (3), 
it  is  easily  seen  that  (8)  becomes 

1      y^        I     ay        i     y^     _ 

C?X*OS)  '  axi«  "^  GV(P)  dyi^  "^  G»X«03)  a^i* "      ^'  ^^^ 

that  is, 

I    ray     y^     ayi 
G»X«(|8)Ld^x«  +  ayx«  +  a^iO  "  "  ^*  ^    ^ 

The  in  variance  of  the  electric  charge  gives: 

p,  =  5^/«G».X>(|8).p.  (II) 

Ex)uation  (10)  may  now  be  written  as 

ay     ay     y^ pi 

ax,*  "^  av  "^  a«i«        5^/«G  •  x(/5)  *  ^^^ 

But  in  the  static  system  ^1  satisfies  the  relation 

ai?  +  a^*  +  a^=-^-  ^^3) 

Hence,  from  equations  (12)  and  (13),  we  conclude  that 
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From  equations  (4)  and  (5)  it  is  seen  that 

.u  =  ^v>.  (15) 

3.  From  equations  (6),  (7),  and  (15),  remembering  that 

we  get  the  following  relations: 

I  d<pi 


£.  =  - 


G«-X»03)  '  dxi' 


S^i*-G»-\*(fi)    dzi 
and 


S'l^-G'-XHeD  '  dyi  ' 
The  momentum  per  unit  volume  is 

^  B  X  H.  (18) 

Therefore,  the  components  of  the  momentum  per  unit  volume  are: 


g* 


cSG*\*(fi) 


my-im 


with 


^'  "       S'f^'C'G^X^iP)  Ldxi  '  dzi  J' 
dxdydz  ^  dr  ^  V5-(?.X«(/5)dri  =  ^'C?'\^(P)dxidyidzi. 


Hence,  considering  only  the  -^-component  of  the  total  momentum,  we 
have 

5,.    « 


c-G-xos)vr 

The  value  of 


^jmm-mh  <-> 


fnmy-m>^ 
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is  known*  to  be  (^/Owd).    Therefore, 


4.  To  Find  the  Longitudinal  and  Transverse  Masses,^-U  Fg  be  the  force 
in  the  direction  of  motion,  m^  the  longitudinal  mass,  and  ntt  the  trans- 
verse mass,  we  have  . 

Fm  =*  -77  '  by  definition; 

Ok 

_     <*ici     r     I       fi\'m  1 

by  substitution  from  (21).    The  longitudinal  mass,  however,  is  defined 

by 

Fx  =  ntijci. 
Therefore, 

The  transverse  mass  is  given  by 


5.^  S. 


V        pc 


But  now,  the  expressions  for  the  masses  given  by  Lorentz  are: 


(23) 


^''  ~  6ir<k;*(l  -  |P)'/*  ' 

(24) 

^ 

(25) 

(XKOC*^!    -  /S* 

Let  us  now  determine  X05)  so  that  we  have  always 

Mi,  =  nil. 

From  equations  (22)  and  (24)  we  get  the  following  relation  from  which 
we  are  to  determine  X(i8) : 

G-\*{fi)  =  X(/5)  -  0(1  -  ^)X'(|8).  (26) 

Let  f  E  X05).    Then, 

G?={-/5(i-^)|j 

1  O.  W.  Richardson,  The  Electron  Theory  of  Matter,  second  edition,  page  233. 


Digitized  by 


Google 


38 


/.  MAIZUSH. 


rSBCOND 

LSniB. 


that  is, 


and 


or 


Therefore, 

that  is, 
whence 


di 


d0 


f(i  -  G&        /S(i  -  |P) 

/d^  r      d(t 

f  (I  -  G&  +  *  "  J  p(l  -  ^)  +  *• 

|8 


I  ^  X(i3)  = 


Gfi  +  d^i  -  fp 


(27) 


where  G  and  5  are  arbitrary  constants  indei>endent  of  j8. 
Whatever  G  and  5  may  be,  it  will  always  be  true  that 

Ml  =  tn^. 

It  follows,  then,  that  as  far  as  the  longitudinal  mass  is  concerned,  the 
electron  may  expand  to  any  extent  whatever,  and  yet,  the  relation  M^  = 
m^  will  always  be  true.  If,  however,  we  are  to  have  the  additional 
equality  between  Mt  and  mu  that  is,  if  we  are  also  to  have  the  relation 

Ml  =  ntt 

true  for  all  velocities,  then  G-\{fi)  must  necessarily  be  equal  to  i ;  that  is, 
there  can  be  no  uniform  dilatation  of  the  electron.  It  is  clear  that  this  does 
not  mean  that  a  uniform  expansion  may  not  actually  take  place.  What 
has  been  proved  is  that,  if  we  accept  Lorentz's  formulae  for  the  trans- 
verse and  longitudinal  masses  to  be  the  correct  ones^  then  there  can  be  no 
uniform  dilatation  of  the  electron  if  the  longitudinal  and  transverse  masses 
given  by  (22)  and  (23)  respectively  are  to  be  identical  with  those  of 
Lx)rentz's  formulae  for  all  velocities. 

I  am  glad  to  tender  my  thanks  to  Professor  G.  F.  W.  Swann  for  the 
interest  shown  in  the  results  herein  described. 

Dbpt.  of  Physics. 

Thb  University  of  Minnesota, 
Minneapolis, 

March  19,  1922. 
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MAXWELL'S  LAW  OF  DISTRIBUTION  OF  VELOCITIES  AND 
THE  PRINCIPLE  OF  PROJECTIVE  COVARIANCE. 

By  I.  Maizlish. 

Synopsis. 

Derivation  of  MaxwelTs  Law  of  DisfrilnUion  of  Velocities  with  the  Aid  of  the  Pritp- 
cipU  of  Projective  Cowariance. — In  the  ordinary  derivation  of  this  law  there  occurs  a 
functional  equation  of  the  form:  g(xi)g(xt)g(xt)g(xA)  ■  ^(«i*  +  xt*  +  «»*  +  «4*). 
whose  solution  is  usually  obtained  on  the  supposition  that  the  functions  are  differ- 
entiable.  In  this  paper  the  solution  is  obtained  without  making  use  of  the  assump- 
tion, by  applying  the  author's  principle  of  projective  covariance. 

I.  In  the  derivation  of  Maxwell's  law  of  the  distribution  of  velocities 
among  a  large  number  of  molecules  there  occurs  a  certain  functional 
equation  whose  solution  is  usually  obtained  by  differentiation.  The 
assumptions  on  which  the  solution  is  based  are: 

1.  The  functions  occurring  in  the  functional  equation  are  continuous, 

single- valued,  and  real; 
II.  The  indep>endent  variables  are  real; 
III.  The  functions  are  differentiable. 

2.  Now  it  is  known  that  a  function  may  be  continuous  and  yet  not 
have  a  derivative.  It  is  therefore  desirable  to  inquire  whether  the  func- 
tional equation  can  be  solved  without  making  use  of  assumption  III. 
The  object  of  this  paper  is  to  indicate  a  method  of  doing  this  by  making 
use  of  the  Principle  of  Projective  Covariance.  The  problem  will  be 
generalized  somewhat  in  that  we  shall  consider  it  as  a  problem  in  a 
4-dimensional  space  (54). 

3.  Consider,  then,  an  54  and  let  xu  X2,  xa,  X4  be  the  rectangular  co6rdi- 
nates  of  a  point  in  this  space.  If  we  are  dealing  with  a  gas  containing  a 
large  number  (N)  of  molecules  per  unit  volume,  the  position  of  any  mole- 
cule will  be  known  as  soon  as  we  know  the  values  of  Xu  xt,  jca,  xa  appro- 
priate to  this  molecule.  Each  molecule  may  therefore  be  represented 
by  a  single  point  in  54.  The  points  which  are  occupied  by  molecules 
will  be  called  molecular-points.  Let  us  now  find  the  number  of  molecular- 
points  for  which 

Xi  lies  between  Xi  and  Xi  +  dxi  {i  =  i,  2,  3,  4).  (R) 

4.  Let  Ng{xi)dxi  be  the  number  of  molecular-points  for  which  Xi  lies 
between  Xi  and  Xi  +  dxi;  i  =  i,  2,  3,  4.     The  same  function,  g,  is  used 
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for  i  =  I,  2,  3,  4,  on  account  of  the  isotropy  of  54.  If  we  now  assume 
that  Xu  xt,  3C3,  Xi  are  independent  of  each  other,  the  number  of  molecular- 
points  for  which  xu  xt,  Xz,  x^  lie  within  the  range  (i?)  is 

AiNdxidx^tdXi  =  Ng{xi)g{xt)g{xz)g{xi)dxidxi/ixiidxi;  (i) 

and,  therefore,  the  number  per  unit  volume  is 

A,N  =  Ng{xi)g(xt)g(xz)g(x,).  (2) 

The  rectangular  axes  Xu  Xtf  Xz,  xa  are,  however,  entirely  arbitrary. 
Equation  (2)  must  therefore  be  a  function  of  the  radius  vector  only; 
that  is,  we  must  have. 

g(xi)g(xt)g{xz)g{Xi)  =  ^(xi*  +  Xt^  +  xt*  +  xf).  {A) 

This  is  the  functional  equation  the  solution  of  which  will  be  obtained 
without  making  use  of  assumption  III.  We  shall  restrict  our  interest 
solely  to  the  continuous  solution  of  (^4). 

5.  In  order  to  see  more  clearly  how  equation  (^4)  follows  from  the 
assumptions  made,  we  will  prove  the  following 

Theorem:  A  necessary  and  sufficient  condition  in  order  that  a  func- 
tion F(xu  xt,  xzj  X4)  be  invariant  under  any  orthogonal  transformation  is 
that  it  be  a  function  of  the  radius  vector  only;  that  is,  that 

F(Xu  Xt,  Xz,  Xi)    =  ^(jCi*  +Xt^  +  Xz^  +  X4?). 

It  will  then  follow  that  a  necessary  and  sufficient  condition  that 

g{Xi)g(X2)g{Xz)g{XA) 

be  invariant  under  any  such  transformation  is  that  it  be  a  function  of 
the  radius  vector  only. 

Proof:  (a)  The  condition  is  sufficient.  For  let  yu  yt,  yt,  y*  be  the 
new  variables,  and 
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an 
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the  matrix  of  the  transformation.     By  hypothesis, 

F{Xu  X2,  JCt,  Xi)    =  ^(Xi^  +  X2*  +  Xz^  +  X4*), 

because  an  orthogonal  transformation  is  defined  as  a  linear  transforma- 
tion such  that 

xi^  +  xt^  +  xz^  +  x^  =  yi*  +  yt^  +  y»'  +  3^4*. 
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By  substitution, 

4^W  +  oh?  +  yt*  +  y^)  *  F^yi^  y%^  yt,  y*) ; 

and 

F{xu  xt,  Xi,  Xi)  m  F(yu  3^,  y»,  3^4).. 

(6)  The  condition  is  necessary.     For  we  have 

F(jxu  xt,  xt,  x^  »  F{yu  yt,  yz,  y^) 

(^  ^  4  i         \ 

I^^ubXjb,  ^(hkPCh,  Hav^k,  Y,€L4kXk  I . 
km\  4ral  hm\  M^l  / 

In  the  last  equation  place  ^s  =  Xa  =  3C4  —  o.     The  result  is 
F{xu  o,  o,  o)  m  F(anXu  (HiXu  «»iJ>fi.  «4i«i)- 

Thus,  F  must  be  of  such  a  form  as  to  be  independent  of  an,  oti,  an,  and 
aa-  Since,  however,  an,  asi»  asi>  and  041  cannot  all  be  equal  to  i,  and, 
moreover,  since  the  only  condition  existing  between  them  is 

flu*  +  Oft*  +  asi*  +  (141*  =  I, 

we  see  that  this  must  be  the  form  in  which  they  enter  in  F.  This  will 
in  general  be  the  case  if  and  only  if 

F{aiixu  fltiJCi,  azixu  aAiXi)  b  ^[(aiiXi)«  +  {otiXiY  +  iflnXiY  +  [a^xXiY], 

This  is  to  be  true  for  all  values  of  a^xu  a%iXu  anxi  and  041X1.  Hence,  if 
we  replace  auxXi  by 

oti^i  +  CLk^t  +  akiXt  +  0*4X4,     A  =  I,  2,  3,  4; 

the  result  is  that 

f[  ^aikXk,  J^atkXk,  "El^^vtXk,  23«4*xt  ) 

Xisl  kml  kml  isl  / 

=  ^l(Z«i*^*j  +  ill(hkXk)   +  {^tlaikXkj  +\tjiikXk]\; 

that  is, 

F{xi,  xi,  x»,  X4)  =  F(yi,  34,  ys,  3^4) 

=  4^W  +  yi^  +  yz^  +  y^)' 

But,  in  virtue  of  the  relations  existing  between  the  coefficients  of  the 
matrix  (JIf),  it  follows  immediately  that 

4^W  +  3^'  +  yz^  +  y^^)  =  ^(^1'  +  ^2*  +  ^8*  +  ^4*). 

Therefore, 

F{Xu  Xt,  Xs,  X4)    =  ^(Xi*  +  X2*  +  X8*  +^4^. 

The  theorem  is  therefore  proved. 
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6.  The  Principle  of  Projective  Covariance^  enables  us  to  obtain  the 
solution  of  the  functional  equation  (^4)  with  ease.  This  Principle 
asserts  that  the  equations  occurring  in  Physics  are  covariant  under  the 
transformation : 

{i  =  G(<r,  r)xu 

&  =  G(<r,  r)xt,  .  . 

{,  =  G(<r,f)x„  ^3^ 

{4  =  G(<r,  r)xA, 

where  G  is  an  arbitrary  function  of  the  distance  (r)  of  any  point  from 
the  origin  of  a  system  of  coordinates  in  54,  and  an  arbitrary  constant  <r; 
and  Xu  xtf  xz,  Xi  are  the  Minkowski  variables.  To  fix  our  ideas,  consider 
the  following  special  form  of  (3) : 


(4) 


where  n  is  any  number  greater  than  i.    We  have 

g{xMx2)g(xi)g(Xi)   =  ^(;Ci«  +  X2^  +  Xt^  +  X4^).  (A) 

By  the  Principle  of  Projective  Covariance,  we  also  have 

g(ii)g(ii)g(U)g{ii)  =  *(ii'  +  tf  +  {3*  +  {4*).  (B) 

In  equation  (^4)  set  xt—xz=Xi  =  o,  and  in  equation  (B)  set  $1  =  {»  = 
{4  =  o.    The  result  is 

f(o)g{xi)  =  ^(Xi«), 
and 

Hence,  since,  from  physical  considerations,  g{o)  exists, 

gixi)    giii)  • 


l> 

= 

«' 

■^xu 

It 

= 

n'-^xt. 

Is 

= 

n' 

u 

= 

n' 

Xa, 

(5) 


7.  Now  fi  may  be  looked  upon  as  an  indei>endent  variable.  For, 
de^ite  the  fact  that  Xi  and  fi  are  connected  by  the  transformation  (4), 
the  value  of  {1  is  not  determined  by  Xi  alone:  it  also  depends  on  xt, 
jcsi  and  xi.  But  then,  the  left-hand  side  of  equation  (5)  is  a  function  of 
X\  only,  and  the  right-hand  side  is  a  function  of  {1  only.  Hence,  equa- 
tion (5)  can  only  be  true  if  each  member  of  this  equation  is  equal  to  a 
constant.     Therefore, 

^  =  const.  =  P\  say.  (6) 

1  I.  Maizlish.  Physical  Rev.,  July,  1921. 
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8.  In  equation  (^4)  set  xt  =  xz  ==  X4  ^  o.     The  result  is 
from  which,  by  equation  (6),  we  get 

that  is, 

gCo)  -  p.  (7) 

Moreover,  from  equation  (^4)  it  is  easily  seen  that 

g{0)g{0)g(Xi)g{X2)    =  ^(Xi«  +  X2^), 

that  is, 

P'gixMx^)  =  ^(xi«  +  xt'),  (8) 

Multiply  each  member  of  equation  (8)  by  /9*.    Thus, 

ff'gixOff'gixt)  =  /3V(^i*  +  Xt^), 
that  is, 

Hxi')Hx2')  =  pSpixi^  +  xt')  (9) 

by  substitution  from  (6).     Now  divide  each  member  of  (9)  by  j8*. 
The  result  is 

p*         fi*  p*        * 

and,  on  placing 

¥>(x)  s  —  ,  (9I) 

this  becomes 

ip(x,')ip{X2')    =    ^(Xi»  +  X,^).  (10) 

The  last  equation  may  be  written 

<p(x)ip(y)  =  ¥>(x  +  y),  (II) 

by  placing  x  =  Xi^,  and  y  =  Xi^. 

9.  Now  the  functional  equation  (ii)  has  been  solved  by  Cauchy,^ 
Darboux,2  and  others.  Assuming  that  ip  is  continuous,  single-valued, 
and  real;  and  that  x  and  y  are  real,  Cauchy  has  shown  that  the  only 
(continuous)  solution  of  (11)  is 

<p{x)  =  a', 

where  a  is  an  arbitrary  constant.  But  these  assumptions  are  identical 
with  those  we  made  at  the  beginning.  Hence,  from  eqs.  (10)  and  (11) 
we  get 

ip(xi^)  =  a'l^ 

>  Cauchy,  (Euvres  (2).  3  (1897),  p.  98. 

«  Darboux.  Math.  Ann.,  Bd.  17.  1880,  p.  56. 
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In  view  of  eqs.  (6)  and  (9O  we  now  have 

/.      ^(*i)   =  ^'^\  (12) 

Thus,  in  general, 

g{xi)  =  /3a'.',     (t  =  I,  2,  3,  4).  (13) 

10.  It  follows  that  the  number  of  molecular-points  for  which  xu  Xt^ 
Xz,  Xi  lie  within  the  range  (J?)  is,  by  (i)  and  (13), 

A4Ndxidx^^X4  =  iN^/3*al'**+'«^'»*+**Vxidxtrfjc^4; 
and  the  number  per  unit  volume  is  therefore: 

The  constant  a  is  arbitrary:  we  may  therefore  put  it  equal  to  r^,  where 
e  is  the  Napierean  base,  A  is  a  constant,  and  the  minus  sign  is  prefixed  to 
the  h  for  otherwise  A4N  would  increase  indefinitely  with  (xi*  +  xj* 
+  xt^  +  Xa^).    Thus,  equation  (14)  may  be  written  as 

AiN  =  iV0*e-*f''*+'«^"*^'*'l.  (15) 

11.  The  solution  obtained  is  a  generalization  of  Maxwell's.  By  put- 
ting Xi  =  o,  and  remembering  that  g(o)  =  j8,  equation  (15)  reduces  to 

A,iV  =  iV/3»e-«'»*+'*'+'»'J  (16) 

12.  We  may  regard  xu  ^1  ^»  as  any  set  of  rectangular  axes  in  a  space 
of  three  dimensions  (Sz).  Take  these  axes  as  the  components  of  a 
velocity  c  defined  by 

c*  =  ««  +  »*  + w*; 
where 

Xi  s  w, 

xt  ^v, 
and 

xz  ^  w. 

Making  this  substitution,  (16)  becomes 

13.  The  number  of  molecules  for  which  w,  t/,  w  He  within  the  range  u 
and  u  +  du,  v  and  v  +  dv,w  and  w  +  dw,  respectively,  is  now  seen  to  be 

AzNdudvdw^   m^(r^^'^''''-^^'^dudvdw, 

which  is  the  solution  given^  by  Maxwell, 
i  Maxwell.  Collected  Papers.  Vol.  I.,  p.  381. 
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14.  Thus,  provided  we  justify  every  step  in  the  process  of  arriving  at 
equation  (^4),  and  restrict  our  interest  to  the  continuous  solution  of  this 
equation,  under  the  specified  conditions,  the  solution  (solutions)  dei>ends 
(depend)  on  that  (those)  of 

^(x)^{y)  ^  ^{x  +  y).  (O 

But  imder  the  same  restrictions  as  those  specified  at  the  beginning  of 
this  paper,  there  is  only  one  solution  of  (C).  Hence,  there  is  only  one 
solution  of  {A),  and,  by  the  application  of  the  Principle  of  Projective 
Covariance,  this  has  been  shown  to  be 

g{x)  =  Pe-^\ 

I  am  grateful  to  Professor  R.  W.  Brink,  of  the  Department  of  Mathe- 
matics, for  examining  the  manuscript. 

DspT.  or  Physics, 

Thb  XJnivbrsitt  op  Minnesota, 
Minneapolis, 

March  23,  1922. 
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A  MODIFICATION   OF  VAN   DER  WAALS*   EQUATION. 

By  W.  p.  Boynton  and  Arthur  Bramlby. 

Synopsis. 

The  proposed  equation  is  (p  +  ali^)iv  -  &)  -  RT/ii  +  ^V^^).  where  ^  is  a  char- 
acteristic temperature.  It  represents  the  behavior  of  COs  and  other  substances 
more  closely  and  gives  better  values  of  the  ratio  TefP^e.  While  the  corrective 
factor  is  purely  arbitrary,  it  resembles  those  of  certain  theoretical  equations  having 
a  rational  basis  and  also  lends  itself  to  mathematical  treatment .  It  is  shown  that  not 
only  the  energy  but  also  the  specific  heat  and  entropy  derived  from  this  equation 
approach  zero  values  at  absolute  zero  in  agreement  with  conclusions  from  the 
researches  of  Nemst. 

Theoretical  formula  for  specific  heat  (Ct),  internal  energy  and  entropy  as  functions 
of  T  and  v.  are  derived  from  thermodynamic  laws  and  the  equation  of  state  given 
above. 

I.  Introduction. 
I  "HE  authors  have  attempted  to  derive  an  equation  of  state  which 
-■-  shall  be  more  satisfactory  than  those  previously  proposed.  To 
be  of  value  such  an  equation  must  describe  the  behavior  of  actual  sub- 
stances to  some  degree  of  approximation,  and  must  be  mathematically 
tractable.  If  it  fails  in  the  first  point,  it  is  worthless;  if  in  the  second, 
useless.     It  is  more  satisfying  if  it  also  has  a  rational  basis. 

An  excellent  example  of  such  an  equation  is  the  familiar  formulation 
of  the  Boyle-Charles  laws, 

which  has  a  rational  basis  in  the  kinetic  theory  of  gases,  is  a  very  useful 
first  approximation,  and  is  exceedingly  tractable.  It  is  confessedly  only 
a  first  approximation,  describing  merely  the  ** ideal"  (or  i>erfect)  gas. 
A  typical  second  approximation  is  the  famous  equation  of  van  der  Waals, 

(P  +  a/t/'Kv  -  b)  ^RT, 

which  also  has  a  rational  basis,  is  quite  fairly  tractable,  and  corresponds 
qualitatively  to  the  behavior  of  substances  capable  of  existing  in  both 
the  gaseous  and  liquid  forms,  including  such  phenomena  as  the  critical 
state,  and  by  the  aid  of  thermodynamical  considerations,  the  coexistence 
and  equilibrium  of  the  two  states. 

II.  Thermodynamic  Relations. 
A  satisfactory  equation  of  state  must  be  consistent  with  the  funda- 
mental laws  of  thermodynamics,  and  conversely,  the  laws  of  thermody- 
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namics  are  sufficient  to  determine  the  forms  of  the  equations  for  specific 
heat,  entropy,  internal  energy  and  other  thermodynamic  proi>erties, 
provided  an  equation  of  state  is  employed  which  gives  a  sufficiently  close 
approximation  to  the  facts  of  the  behavior  of  substances. 

The  familiar  formulation  of  the  first  and  second  laws,  on  the  assump- 
tion that  the  only  work  is  that  against  external  pressure,  is 

TdS  =  dU  +pdv, 
where 

S  =  entropy, 

U  «  internal  energy. 

This  may  be  expanded  to  the  form 

"'-fr'^  +  i^+^h 

The  ordinary  transformations  lead  to  the  relations 


TBT'     dv       T\dv       ^J'      dv  "      dT      ^'dv       dT 


Discarding  the  usual  easy  but  unnecessary  assumption  that  the  specific 
heat  is  a  constant,  independent  of  temperature,  its  value  may  be  found 
as  follows.     Differentiating  partially  by  T  the  value  of  dU/dv, 

dTdv"^  dT         dT*      dT         dT*' 


and  integrating  with  respect  to  v, 

dU  „ 

df"''^ 


f^^^+sin 


The  ordinary  assumptions  that  p  is  a  linear  function  of  T  and  that  c, 
is  a  constant  evidently  constitute  a  special  case  of  this  general  rela- 
tion. From  this  value  of  r»  and  the  relations  given  above  as  existing 
between  the  various  partial  derivatives  it  is  possible  to  deduce  values 
for  UsLtidS. 

III.  Proposed  Equation  of  State. 
The  researches   of  Nernst  at   low  temperatures  have  led  to  the  for- 
mulation of  his  *'heat  theorem  "  which  states  that  the  temperature  coeffi- 
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cient  of  any  property  of  a  body,  which  varies  with  the  temperature  and 
approaches  a  finite  limiting  value  as  the  temperature  is  lowered,  is  zero. 
ThL  theorem  leads  to  the  conclusion  that  the  specific  heat  of  all  sub- 
stances approaches  zero  as  the  temperature  is  lowered,  a  result  which  is 
verified  by  experiment. 

This  theorem  has  also  lead  Planck  and  others  to  state  that  the  entropy 
approaches  the  limiting  value  zero  at  the  absolute  zero. 

These  two  conditions,  namely  the  zero  values  of  c,  and  of  5,  together 
with  the  obvious  tact  that  the  internal  energy,  U,  must  also  vanish  at 
the  absolute  zero  of  temperature,  determine  completely  the  boundary 
conditions  at  the  lower  limit.  An  inspection  of  the  generalized  thermo- 
dynamic equations  obtained  above  shows  that  the  condition  that  5  shall 
vanish  at  the  absolute  zero  can  only  be  satisfied  if  p  is  such  a  function  of 
T  that  d^p/dT*  does  not  vanish  identically. 

The  assumptions  of  the  kinetic  theor>  that  the  pressure  and  the  inter- 
nal energy  of  a  gas  are  both  associated  with  the  kinetic  energy  of  the 
rectilinear  motion  of  its  molecules  lead  to  the  suggestion  that  c^  and  the 
gas  constant  R  may  be  at  least  similarly  related  to  the  temperature. 
Attempts  have  been  made  to  find  a  rational  formula  for  c,  as  a  function 
of  the  temperature.  Of  these  two  at  least  have  been  fairly  successful, 
that  of  Debye  based  upon  the  quantum  hypothesis,  and  the  other,  of 
A.  H.  Compton*  based  upon  the  notion  of  agglomeration  of  molecules. 
Curves  plotted  from  these  two  equations  agree  fairly  closely  with  each 
other  as  well  as  with  the  experimental  data,  but  both  are  transcendental 
in  form  and  hence  do  not  lend  themselves  readily  to  mathematical  manip- 
ulation. For  that  reason  we  are  suggesting  the  use  of  the  algebraic 
form 

I  +*»r«' 

in  which  k  is  the  reciprocal  of  a  temperature.  Comparing  this  with 
Compton's  form 

§.-'-"(-;+■) 

for  the  particular  value  k  =  5/3r,  the  resulting  curves  are  in  substantial 
agreement  for  all  values  of  T/t  above  0.5,  within  that  range  differing  by 
amounts  varying  from  0.00 1  to  0.007;  but  below  that  point  the  differ- 
ence is  greater,  the  algebraic  form  exceeding  the  other  at  the  most  by 
about  0.06.  Nevertheless  the  simpler  algebraic  curve  is  of  the  same 
general  form,  and  may  be  regarded  as  a  permissible  approximation  to 
the  more  exact  but  also  more  complicated  rational  form,  when  the  main 
>  Physical  Rbvibw  (2),  6,  pp.  377-389.  191 5« 
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purpose  IS  a  general  qualitative  description  only.  Following  this  sug- 
gestion we  assume  that 

where  ^  is  a  characteristic  temperature,  and  write  a  modified  form  of 
van  der  Waals'  equation 

(P  +  a/v«)  (i^  -  6)  =  J?T/(i  +  ^/P). 

From  this  equation  the  critical  data  can  be  derived  without  difficulty 
and  the  ordinary  form  of  the  equation  in  reduced  codrdinates  obtained, 
except  that  ^,  the  "reduced"  temperature,  will  be  a  somewhat  compli- 
cated function  of  T,  Tc  and  ^.  Substituting  from  this  modified  equa- 
tion of  state  the  partial  derivatives  of  p  in  the  thermodynamically  de- 
rived equations  for  c„  U  and  5,  we  obtain,  dropping  the  subscript  of  R, 

U  ^2RTj^^i^i^^ln  (v/b  -  I)  -  a/v  +  a/b  +J^    J{T)dT, 

s-R  (1+  i/^i-ny  in(v/b^i)+j^   —dT. 

These  functions  have  been  integrated  with  respect  to  v  between  the 
limits    b  and  »,   and    since  v  =  ft  only   when    T    =    0,    the   product 
T*ln{v/b  —  i)  and  similar  terms  involving  higher  terms  of  T  all  vanish 
at  the  lower  limit. 
We  shall  assume  that  we  may  write 

that  is,  as  one  term,  or  a  sum  of  terms,  of  the  form  suggested.  Since 
the  mathematical  behavior  of  the  sum  is  similar  to  that  of  a  single  term, 
we  may  perform  the  integrations  indicated,  and  write  as  a  special  case 

JT'/OT  .(r  -  Af  jT'j^ir  -  Af(r  - 1  un-*r), 

in  which  k  is  the  reciprocal  of  a  characteristic  temperature.  All  these 
functions  vanish  for  T  ^  0,  and  hence  the  functions  derived  as  repre- 
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senting  c,,  U  and  S  satisfy  completely  the  boundary  conditions  at   the 
lower  limit. 

IV.  Conclusions. 

We  have  proposed  a  modification  of  van  der  Waals'  equation  of  the 
form 

{p  +  (^mv  -  i)  =  RTKi  +  Vl'n). 

which  exhibits  the  following  advantages: 

1.  For  high  temi>eratures  it  is  practically  identical  with  the  familiar 
van  der  Waals  equation,  and  like  it,  when  volumes  also  are  large,  closely 
approximates  the  equation  of  the  ideal  gas. 

2.  Like  the  equation  of  van  der  Waals  it  exhibits  the  phenomena  of 
the  critical  state,  giving  identical  formulae  for  the  critical  volume  and 
pressure,  but  a  more  complicated  one  for  the  critical  temperature. 

3.  The  proposed  equation  gives  numerical  results  which  agree  with 
the  external  behavior  of  actual  substances  apparently  as  closely  as  any 
previously  suggested  equations;  «.g.,  it  fits  Andrews'  data  on  carbon 
dioxide  fully  as  closely  as  does  the  equation  of  Clausius,  which  was  de- 
veloped expressly  for  that  purpose. 

4.  A  common  test  is  the  value  of  the  ratio  RTjPcVc  which  for  van 
der  Waals*  equation  has  the  value  8/3,  while  observed  values  as  quoted 
range  mainly  from  3.7  to  5.0.    This  equation  gives 

?^^  =  -(i+^/n), 

PcVc       3 

which  takes  the  value  3.71  for  Te/4^  =  1.6  or  the  value  5.0  for  Tc/4^  = 
1.068. 

5.  The  value  of  the  specified  heat  deduced  from  it  shows  the  proper 
behavior  at  low  temi>eratures,  and  especially  in  the  neighborhood  of  the 
absolute  zero.  The  formula  deduced,  involving  as  it  does  the  volume 
V  and  the  possibility  that  /(T)  may  be  a  series  of  several  terms,  can  be 
made  to  conform  quite  closely  to  the  observed  data,  even  for  a  substance 
like  water,  over  a  temperature  range  including  one  or  both  changes  of 
state. 

6.  The  expression  for  the  entropy  does  not  involve  an  infinite  con- 
stant of  integration,  but  on  the  contrary  vanishes  at  zero,  and  has  a 
finite  value  for  finite  volumes  and  temi>eratures. 

Further  consideration  of  the  properties  of  this  equation  is  reserved  for 

future  papers. 

University  of  Oregon, 
Eugene.  Oregon, 
February  20,  1922. 
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THE  EFFECT  OF  NASCENT  HYDROGEN  ON  HARD 
STEEL  MAGNETS. 

By  John  Coulson. 

Synopsis. 

Aging  Effect  of  Nascent  Hydrogen  on  the  Magnetic  Moment  of  Hardened  Steel 
Magnets. — ^When  magnets,  well  seasoned  by  repeated  heating  and  cooling,  are 
exposed  to  the  action  of  nascent  hydrogen  by  being  made  cathodes  in  a  sulfuric  acid 
bath«  the  magnetic  moment  decreases,  reaching  in  time  a  permanent  value  from 
5  to  20  per  cent,  less  than  the  original  moment.  The  aging  process  is  accelerated 
by  raising  the  temperature  of  the  electrolyte,  the  total  time  required  being  only 
one  hour  or  less  at  60®  C.  For  drill  rod  (carbon  1.2  per  cent.),  quenched  from 
Soo^  C.  the  €:hanse  occurs  gradually;  but  for  tungsten  magnet  steel  most  of  the 
decrease  occurs  suddenly  after  an  exposure  which,  for  the  electrolsrte  at  60**  C, 
varies  from  3  to  15  minutes  as  the  quenching  temperature  is  increased  from  700 
to  850*  C.  the  corresponding  sudden  changes  in  moment  decreasing  from  19  to  4  per 
cent.  The  behavior  of  spring  steel  (carbon  0.8  per  cent.)  is  very  similar,  but  the 
sudden  changes  occur  later.  After  aging  in  this  way,  hammering  the  magnets  has 
practically  no  effect. 

Penetration  of  Nascent  Hydrogen  into  Mild  Steel. — Photographs  of  fractured 
oold-coUed  rods  show  that  in  40  seconds  the  hydrogen  penetrated  about  i  mm. 

THE  magnetic  moment  of  permanent  magnets  changes  quite  per- 
ceptibly even  following  the  most  careful  '*  aging  **^  after  magneti- 
zation. This  so-called  aging  effect  goes  on  at  a  diminishing  rate  not- 
withstanding such  magnets  be  kept  isolated  in  a  neutral  field.  The 
desirability  of  hastening  the  final  condition,  where  the  magnetic  moment 
ceases  to  change,  led  to  the  present  investigation. 

Bar  magnets  of  "Special  Alloy  Magnet  Steel"  and  high  carbon  steels 
were  treated  electrolytically  in  a  strongly  acidulated  electrolyte.  It 
was  found  that  the  magnetic  moment  of  magnets  treated  as  cathode 
undergoes  a  marked  diminution,  and  that  the  character  of  the  change 
depends  on  the  nature  of  the  steel  and  on  the  hardening  temperature. 

Careful  and  elaborate  investigations  have  shown  that  steel  absorbs 
hydrogen  and  other  gases,  and  the  effect  of  such  gases  on  the  mechanical 
properties  of  the  metal  has  been  studied  in  detail.^     Most  of  this  work, 

1  Wiedemann.  Pogg.  Ann.,  1852,  1858,  1864.  Dufour,  Pogg.  Ann.,  99,  1855;  Arch,  de 
Geneve,  1857.  Fav€,  Comptes  Rendus,  72,  1876.  Gaugain,  Comptes  Rendus.  72,  1876. 
Trowbridge,  Am.  Jour,  of  Science,  1881.  Kohlrausch.  Wied.  Ann.,  1884.  Bams  and 
Strouhal,  Bulletin  of  the  U.  S.  Geological  Survey,  No.  14,  1885.  Peirce,  Am.  Jour,  of  Science, 
1896.  Durward.  Am.  Jour,  of  Science,  1898.  Peirce,  Proc.  Amer.  Acad.  Arts  and  Sciences. 
1905. 

<  Bellock,  Comptes  Rendus.  149.  1909*     Richards  and  Behr,  Zeitschr.  Phys.  Chem.,  58, 


Digitized  by 


Google 


52  JOHN  COULSON.  [^^, 

however,  has  been  carried  put  on  steels  which  were  exposed  to  the  gases 
at  temperatures  considerably  above  normal  or  room  temperature.  It  is 
not  generally  accepted  that  steel  absorbs  hydrogen  to  any  extent  at  nor- 
mal temperatures,  therefore,  hydrogen  is  not  considered  to  play  here  a 
vital  part  at  ordinary  temperatures  in  the  structural  or  other  changes 
taking  place  in  the  metal.  Nevertheless,  the  author,*  and  others*  have 
found  that  nascent  hydrogen  penetrates  steel  surprisingly  rapidly  at 
temperatures  as  low  as  20°  C. 

The  permeability  of  steel  for  hydrogen  at  these  low  temperatures  sug- 
gested that  the  permanency  of  the  magnetic  moment  of  hardened  steel 
magnets  might  well  be  influenced  by  the  absorption  of  hydrogen.  In 
the  course  of  the  investigation  fifty  or  more  bar  magnets  of  length  14.4 
cm.  were  carefully  made  and  tested  for  changes  in  the  magnetic  moment 
after  treatment.  Most  of  the  specimens  were  quenched  to  glass  hard- 
ness from  850°  C.  Some  were  quenched  at  a  lower  temperature,  about 
700°  C.  It  will  be  seen  that  the  hardening  temperature  is  of  great  sig- 
nificance in  the  changes  taking  place  within  the  steel  when  hydrogen  is 
absorbed. 

Following  the  hardening  process  the  specimens  were  magnetized  to 
saturation  inside  a  solenoid  many  times  their  length.  After  removal 
from  the  solenoid  care  was  taken  to  keep  the  magnets  isolated  from  all 
magnetic  material  until  their  history  had  been  completed.  The  usual 
fall  in  the  magnetic  moment  of  the  magnets,  due  to  repeated  heating  and 
cooling,  was  observed.  This  operation  was  continued  until  evidence  of 
further  change  of  magnetic  moment  had  disappeared.  The  heating 
operation  was  carried  out  with  the  magnet  sealed  in  an  air-tight  glass 
tube  immersed  in  boiling  water. 

The  preliminary  aging  having  been  completed,  the  magnet  under  test 
was  subjected  to  the  action  of  nascent  hydrogen  by  making  it  the  cath- 
ode in  an  electrolytic  cell,  while  the  lead  container  served  as  anode. 
The  electrolyte  used  was  a  25  per  cent,  solution  of  H2SO4,  and  the  cur- 
rent through  the  cell  was  kept  at  2  amperes.  The  magnets  were  exposed 
to  the  action  of  the  hydrogen  for  increasing  time  intervals,  at  the  outset, 
usually  15  or  30  seconds.  After  each  exposure  the  magnetic  moment  of 
the  magnet  was  measured  at  room  temperature. 

1907.  Hein,  Zeitschr.  Phys.  Chem..  58.  1907.  Goutal.  Comptes  Rendus,  148,  1909.  Sie- 
verta  and  Knimhaar,  Berl.  Deutsche  Chem.  Ges.,  43,  1910.  Rumpf,  Akad.  Wiss.  Wien. 
Sitz.  Ber.,  119,  1910.  Charpy.  Bonnerot.  Comptes  Rendus,  152,  191 1.  Stead.  Iron  and 
Steel  Industry.  J.,  103.  1921;  Engineering,  iii,  1921.  Thompson  and  Richardson,  Met.  and 
Chem.  Eng.,  16,  191 7.     Smith.  Am.  Electro-Chem.  Soc.  J.,  191 8. 

»  Coulson.  Am.  Electro-Chem.  J.,  1917. 

*  Bellaty  and  Lussana,  R.  Istituto  Veneto  Atti.,  1888;  1891.  N.  Cimento,  5,  1913. 
Charpy  and  Bonnerot.  Comptes  Rendus.  152.  191  x;  154,  1912.  Bellaty  and  Lussana,  N. 
Cimento.  5,  Ser.  6,  1913. 
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The  measurements  were  made  by  placing  on  the  opposite  side  of  a 
magnetometer  a  standard  bar  magnet  in  Gauss's  A  position,  held,  and 
protected  completely  from  rapid  temperature  changes,  within  a  wooden 
carriage  sliding  on  a  horizontal  scale.  This  compensating  magnet,  hav- 
ing been  fixed  with  its  center  at  a  convenient  distance  do  from  the  center 
of  the  magnetometer  needle,  brought  the  needle  back  into  the  meridian 
when  the  center  of  the  magnet  under  observation  was  at  the  fixed  dis- 
tance d.  Let  Mq  be  the  magnetic  moment  of  the  standard  magnet  and 
2/0  its  magnetic  length,  and  let  Mi  and  Mi  be  the  moments  of  the  magnet 
imder  test,  before  and  after  treatment  respectively,  and  2/  its  magnetic 
length.    The  needle  will  be  deflected  through  the  angle  a  so  that 

2M(4o  2Mid 

i' 

/^ 

=  H  tan  a, 


2Mid  2Mi'd        2d{Mi  -  Ml') 


Ml  -  Ml'      W  -  V)*    „  tan  a 

iT =     ^n^  J Htana  =  7 , 

Ml  2M0  do  tan  oo 

where  H  is  the  horizontal  component  of  the  earth's  magnetic  field,  and 
oo  is  the  angle  through  which  Mo  would  deflect  the  needle  if  Mi  were 
absent. 

The  method  of  procedure  was  then  as  follows: 

The  standard  magnet  was  placed  with  its  center  at  a  known  distance 
from  the  magnetometer,  and  its  carriage  clamped  firmly  in  position. 
The  magnet  to  be  tested  was  placed  on  the  opposite  side  of  the  magnetom- 
eter and  adjusted  in  such  position  as  to  bring  the  needle  back  into  the 
meridian.  Its  holder  was  then  clamped  and  the  distance  of  the  center 
of  the  magnet  from  the  magnetometer  was  recorded.  After  subjecting 
the  magnet  to  treatment,  it  was  placed  again  in  its  holder  and  the  deflec- 
tion of  the  magnetometer  needle  observed  with  the  magnet  at  room 
temperature.  The  dimensions  and  the  magnetic  moment  of  the  standard 
magnet  being  known,  the  magnetic  moment  and  the  fractional  loss  of  the 
moment  of  the  magnet  under  test  could  be  easily  calculated  from  the 
above  formulae. 

It  may  be  of  interest  to  say  that  the  Special  Magnet  Steel  was  a  tung- 
sten alloy  steel  in  the  form  of  square  bars  8.0  mm.  cross  section,  and  was 
received  direct  from  the  Crucible  Steel  Co.,  Pittsburgh.  The  spring 
steel  and  polished  drill  rod  were  in  the  form  of  rods  6.4  mm.  in  diameter, 
and  were  bought  in  the  open  market.  The  carbon  content  was  about 
0.80  and  1.20  respectively. 

T)rpical  results  obtained  with  magnets  of  the  above  materials  treated 


Digitized  by 


Google 


54 


JOHN  COULSON, 


[Sbcqnd 
Sbribs^ 


electrolytically  at  20°  C.  and  60°  C.  are  shown,  some  in  tabular  form, 
others  by  curves.    Table  I.  and  Fig.  i  are  results  obtained  for  magnets 
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Fig.  1. 

Shows  the  fractional  change  in  the  magnetic  moment  as  a  function  of  the  time  of  exposure 
to  the  hydrogen  at  20®  C.  Polished  drill  rod:  Curve  OER.  Special  alloy  magnet  steel: 
Curve  OLV. 

treated  at  20°  C.  The  fractional  loss  of  magnetic  moment  and  the  cor- 
responding time  exposure  of  the  magnet  to  the  action  of  the  hydrogen 
are  given.  The  upper  section  of  the  table  and  the  curve  OER  of  the 
figure  represent  observations  made  on  two  magnets  of  drill  rod,  of  which 
many  were  tested.  For  like  treatment  the  results  were  in  very  good 
agreement.  Representative  data  are"  given  in  the  lower  half  of  the  table 
for  a  magnet  of  spring  steel,  and  similar  data  for  a  magnet  of  special  mag- 
net steel  are  shown  in  curve  form,  Curve  OLV,  of  the  figure. 


Table 

[. 

History. 

Ezpostire 

(MiDotes). 

Ml  -  Ml' . 
Ml 

M. 

Bzposore 
(BCintites). 

Ml  -  Ml' . 
Ml 

M. 

Drill  Rod. 

0 

1836 

20.0 

.0245 

1788 

Quenched  from  800°  C. 

1.0 

.0120 

1814 

30.0 

.0270 

1786 

Magnetic  moment  after 

3.0 

.0150 

1809 

40.0 

.0302 

1781 

magnetization, 

5.0 

.0168 

1805 

50.0 

.0320 

1777 

M  «  1836. 

10.0 

.0198 

1800 

60.0 

.0342 

1773 

Spring  Steel. 

Quenched  at  850°  C. 

Magnetic  moment  after 

magnetization, 

M  =  1919. 


0 

1919 

20.0 

.0130 

0.5 

.0030 

1913 

30.0 

.0142 

1.5 

.0046 

1910 

40.0 

.0158 

3.0 

.0070 

1906 

50.0 

.0170 

5.0 

.0090 

1902 

60.0 

.0175 

10.0 

.0111 

1898 

70.0 

.0180 

1894 
1892 
1889 
1886 
1885 
1884 


Temperature  of  exposure:  electrolyte  kept  at  20®  C. 

Magnets  made  from  drill  rod,  treated  electrolytically,  show  a  greater 
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aging  effect  than  magnets  of  the  other  steels.  The  spring  steel  mag- 
nets change  more  slowly  at  the  outset  than  those  of  special  magnet  steel, 
but  after  50  minutes*  exposure,  approximately,  the  fractional  decrease 
of  their  respective  moments  had  the  same  value.  Usually  after  this 
stage  the  loss  in  magnetic  moment  for  magnets  of  spring  steel  was  greater 
than  for  the  special  magnet  steel.  From  two  to  three  hours'  exposure  to 
the  electrolytic  hydrogen  decreased  the  magnetic  moment  of  the  magnet 
to  a  fixed  value.  Hammering  the  magnets  had  little  or  no  effect  in 
changing  further  their  magnetic  moment.  Careful  weighing  before  and 
after  treatment  showed  that  the  magnets  did  not  lose  weight  during 
exposure. 

Numerous  magnets  of  spring  steel  and  special  magnet  steel,  treated 
at  20°  C,  showed  a  sudden  drop  in  magnetic  moment  before  reaching  a 
constant  value.  It  occurred  usually  after  an  hour's  treatment  or  more 
and  was  of  a  magnitude  of  one  or  two  per  cent.  The  change  before  and 
after  being  only  a  fraction  of  one  per  cent. 

The  rapidity  with  which  the  magnetic  moment  settles  to  a  final  value 
depends  on  the  temperature  of  the  electrolyte  in  which  the  magnets  are 
brought  under  the  action  of  the  electrolytically  evolved  hydrogen. 
Moreover,  the  transition  to  this  final  state,  due  to  the  action  of  the  hy- 
drogen, is  surprisingly  different  for  the  various  specimens. 


Table  II. 


BnomuB 

(MbititM). 

Ml  -Afi'. 

M. 

Bxpotnre 

(MintitM). 

Ml  -  Ml' , 

History. 

Ml 

Ml 

M. 

Drill  Rod. 

0 

2040 

30.0 

.101 

1834 

Quenched  from  800°  C. 

0.5 

.0150 

2010 

40.0 

.109 

1816 

Magnetic  moment  after 

1.0 

.0259 

1987 

50.0 

.116 

1804 

repeated  heating  and 

3.0 

.0585 

1921 

60.0 

.121 

1793 

cooling. 

5.0 

.0820 

1873 

80.0 

.127 

1781 

M  =  2040. 

10.0 
20.0 

.0881 
.095 

1860 
1846 

90.0 

.129 

1777 

Special  Alloy  Magnet 

0 

1697 

10.0 

.0129 

1675 

Steel. 

0.5 

.0009 

1695 

20.0 

.0538 

1650 

Original  magnet 

2.0 

.0097 

1680 

25.0 

.0550 

1603 

moment,  M  =  1761. 

5.0 

.0115 

1677 

35.0 

.0565 

1601 

Moment  after  repeated 

heating  and  cooling, 

M  =  1697. 

After  being  dropped  1  ft. 

end  on  fifty  times  on   a 

block  of  stone  

..1600 

Temperature  of  exposure:  electrolyte  kept  at  60®  C. 
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Table  II.  and  Fig.  2  show  results  obtained  for  magnets  of  different 
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Fig.  2. 
Shows  the  fractional  change  in  the  magnetic  moment  as  a  function  of  the  time  of  exposure 
to  the  hydrogen  at  60®  C.     Polished  drill  rod:    Curve  ODR,    Special  alloy  magnet  steel: 
Curve  OMN.    Spring  steel:  Curve  OPTH, 

material,  treated  at  60**  C.  The  upper  section  of  the  table  and  the  Curve 
ODR  of  the  figure  are  for  magnets  made  from  polished  drill  rod,  quenched 
at  slightly  different  temperatures  to  glass  hardness.  As  will  be  seen,  the 
magnitude  of  the  aging  is  not  the  same  for  the  two  magnets,  but  the 
character  of  the  results  is  very  similar.  The  final  value  of  the  magnetic 
moment  is  reached  in  approximately  the  same  time  of  exposure.  The 
decrease  being  about  14  per  cent. 

The  broken  Curve  OMN  of  the  figiire  and  the  results  tabulated  in 
the  lower  portion  of  the  table  illustrate  the  character  of  this  aging  proc- 
ess on  magnets  of  special  alloy  magnet  steel.  The  quenching  tempera- 
ture for  these  magnets  differed  by  about  50°  C.  The  specimen  quenched 
at  the  lower  temperature,  800°  C,  and  indicated  by  the  curve  shows  a 
very  sudden  change  in  magnetic  moment  after  a  few  minutes'  exposure 
to  the  hydrogen  in  the  heated  electrolyte.  For  the  specimen  quenched 
at  the  higher  temperature,  850°  C,  this  sudden  fall  in  magnetic  moment 
takes  place  after  a  longer  exposure.  This  sudden  change  in  moment  is, 
also,  very  marked  in  the  case  of  magnets  made  of  spring  steel,  but  it 
takes  place  usually  after  20  or  30  minutes'  exposure.  The  curve  OPTH 
of  the  figure  is  a  fair  example  of  results  obtained  for  specimens  of  this 
steel  when  quenched  glass  hard.  Examination  of  the  results  will  show 
that  after  this  sudden  transition  took  place  the  change  in  the  magnetic 
moment  was  comparatively  small,  even  after  prolonged  exposure.  Ham- 
mering the  magnets  at  this  stage  caused  practically  no  alteration  of  the 
magnetic  moment. 
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This  precipitous  change  in  the  magnetic  moment  of  magnets  made 
from  special  magnet  steel  and  from  spring  steel  appears  to  be  consider- 
ably magnified  when  the  specimens  are  quenched  at  temperatures  below 
850°  C.  Table  III.  shows  results  obtained  with  a  magnet  of  special 
magnet  steel  quenched  at  700°  C.  These  results  are  shown  graphically 
in  Fig.  3,  curve  PRTE.     Examination  will  show  that  after  2  minutes' 


■^\ 

■ 

^                                                                                 "^T- 

Fig.  3. 

Shows  the  moment  of  a  magnet  of  special  alloy  magnet  steel  quenched  at  700^  C.  as  a 
function  of  the  time  of  exposure  to  the  hydrogen.     Temperature  of  the  electrolyte  60®  C. 

Table  III. 


History. 

(SKtes). 

Mi      • 

if. 

Quenched  from  700^  C. 

Magnetic  moment  after  magnetization, 

M  =  1452. 

0 

0.5 

2.0 

.0043 
.0046 

1378 
1372 
1371 

Moment  after  repeated  heating  and  cooling, 
M  -  1378. 

5.0 
8.0 

.1916 
.1921 

1114 
1113 

13.0 

.1921 

1113 

23.0 

.1927 

1112 

Special  Alloy  Magnet  Steel. 
Temperature  of  exposure:  electrolyte  kept  at  6o*  C. 
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exposure  to  the  electrolytic  hydrogen  the  magnetic  moment  of  the  mag- 
net dropped  more  than  19  per  cent.,  while  up  to  this  point  the  decrease 
in  magnetic  moment  was  only  a  small  fraction  of  one  per  cent.  After 
the  sudden  change  occurred,  further  exposures  to  the  hydrogen  had  prac- 
tically no  effect  on  the  magnetic  moment. 

Fig.  4,  which  is  taken  from  an  earlier  paper,^  illustrates  the  rapidity 


Fig.  4. 

Shows  the  fracture  of  cold-rolled  steel  broken  under  stress.  A  and  B  without  exposure  to 
hydrogen.  C  exposed  40  seconds  to  electrolytic  hydrogen.  The  bright  band  shows  depth 
of  penetration. 

with  which  electrolytic  hydrogen  jDenetrates  mild  steel.  A,  B,  and  C 
are  test  specimens,  6  mm.  in  diameter,  cut  from  the  same  rod  of  cold- 
rolled  steel.  A  and  B  were  broken  under  stress  without  exposure  to 
hydrogen.  C,  on  the  other  hand,  was  broken  after  an  exposure  of  40 
seconds.  The  bright  band  of  this  test  piece  indicates  the  depth  of  pene- 
tration of  the  hydrogen  during  this  interval. 

•  An  investigation  which  is  in  progress  on  a  wide  range  of  steels  shows 
that  both  the  magnetic  permeability  and  the  specific  resistance  decrease 
on  exposure  of  the  metal  to  the  electrolytic  hydrogen.  It  is  hoped  that 
when  this  work  is  reported,  a  complete  explanation  of  the  changes  taking 
place  within  the  metal  will  be  given. 

I  wish  to  acknowledge  the  valuable  assistance  given  me  by  Mr.  W.  O. 
Smith,  who  has  helped  me  in  all  the  work. 

University  of  PirrsBimGH, 
Pittsburgh,  Pa. 
>  Coulson,  Am.  Electro-Chem.  J.,  191 7. 
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IMPROVEMENT  IN  THE  DETERMINATION  OF  THE 

RADIUM   CONTENT  OF  LOW-GRADE 

RADIUM-BARIUM  SALTS. 

By  Victor  F.  Hess  and  Euzabbth  E.  Damon. 

(Read  before  the  meeting  of  the  American  Physical  Society,  New  York,  Feb.  25.  1922.) 

Synopsis. 

Improved  Gamma-Ray  Method  of  Determining  the  Radium  Content  of  Law-grade 
Radium  Salts. — Because  of  absorption  of  the  rays  by  the  salt,  the  present  gamma- 
ray  method  is  rather  inaccurate  for  concentrations  less  than  io~*,  and  for  concentra- 
tions above  io~'  the  emanation  method  is  too  sensitive.  To  bridge  the  gap.  the 
authors  have  modified  the  first  method  by  adopting  a  shallow  container  with  two 
curved  sides,  each  concentric  with  the  cylindrical  string  electrometer  used  to  measure 
the  rays,  and  only  a  small  fraction  of  the  radius  apart.  This  shape  has  the  effect  of 
making  the  mean  absorption  due  to  the  salt  small  and  also  very  nearly  equal  to 
half  the  maximum  absorption.  The  procedure  is  to  take  readings  with  the  con- 
tainer in  position  (full  of  the  salt  to  be  measured)  first  alone,  then  with  a  small 
radium  tube  of  known  strength  placed  first  just  in  front  and  then  just  in  back  of  the 
container.  The  ratio  of  the  first  reading  to  the  mean  of  the  other  two  gives  the 
ratio  of  the  strength  of  the  unknown  to  the  sum  of  the  strengths  of  the  known 
and  unknown  within  one  per  cent.  The  method  is  both  quicker  and  more  accurate 
than  the  emanation  method  for  concentrations  between  10"*  and  10"'.  The  con- 
tainer used  was  made  of  tin  plate  and  was  xo  cm.  by  10  cm.  by  2  cm.  thick,  the 
radii  being  30  and  32  cm. 

Introduction. 

THE  determination  of  the  radium  content  of  highly  concentrated 
radium  preparations  by  means  of  the  gamma-ray  method  is  so 
well  developed  that  an  accuracy  of  less  than  one  per  cent,  can  be  reached 
in  any  laboratory  where  a  standardized  radium  preparation  is  available. 
The  degree  of  accuracy  becomes  less  and  less  when  products  of  lower 
concentration  are  to  be  measured:  this  is  due  to  the  absorption  of  the 
gamma  rays  in  the  salt  itself  and  also  to  the  fact  that  the  dimensions  of 
these  preparations  usually  are  not  so  small  that  the  differences  in  distance 
of  the  various  points  of  the  preparation  from  the  center  of  the  ionization 
vessel  can  be  neglected.  The  ordinary  gamma-ray  methods  give  suffi- 
cient accuracy  for  salts  of  100  per  cent,  to  i  per  cent,  radium  content 
(concentration  i  to  lo"^  g.  Ra/g.).  If  the  absorption  coefficient  of  the 
gamma  rays  within  the  salt  is  known  approximately  and  the  absolute 
amount  of  salt  taken  does  not  exceed  about  10  g.,  sufficient  accuracy 
may  be  also  obtained  with  salts  of  io~*  or  io~^  g.  of  radium  per  gram  of 
salt.     For  these  cases  it  suffices  to  assume  that  the  absorption  of  gamma 
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rays  of  radium  distributed  uniformly  throughout  the  substance  is  equal 
to  the  absorption  in  a  layer  of  half  of  the  actual  thickness  of  the  prepara- 
tion and  so  make  a  correction  accordingly.  But  it  is  not  possible  to 
apply  the  gamma-ray  method  to  salts  of  very  much  lower  concentration 
than  lO"^  g./g,  using  the  customary  apparatus:  with  quantities  of  lo  g. 
of  salt  or  less  the  absolute  amount  of  Radium  present  is  too  little  to  be 
measured  accurately  and  taking  much  more  salt  increases  the  influence 
of  the  absorption  within  the  salt  too  much.  For  salts  with  less  than 
lO"^  g.  Ra/g.  therefore  it  has  been  necessary  so  far  to  u^  the  emanation 
method.  This  method  is  much  less  accurate  than  the  gamma-ray  method 
and  involves  the  necessity  of  dissolving  or  fusing  the  salt.  With  salts 
of  medium  concentration  (io~*  to  lo""^  g.  Ra/g.)  it  is  furthermore  neces- 
sary to  dilute  and  this  brings  in  a  new  source  of  error,  not  to  speak  of 
inconvenience  and  difficulties  of  the  emanation  method  in  general 
(difficulties  in  obtaining  saturation  current,  inconstancy  of  radium 
standard  solutions,  etc.). 

Thus  it  is  quite  obvious  that  any  extension  of  the  range  of  the  gamma- 
ray  method  would  be  advantageous.  The  influence  of  the  absorption 
of  gamma  rays  in  the  salt  itself  was  computed  by  E.  Schweidler^  and  H. 
Thirring*  for  the  case  where  the  salts  are  filled  into  spherical  containers 
of  moderate  sizes.  The  correctness  of  the  results  depends  upon  how 
accurately  in  any  individual  case  the  coefficient  of  absorption  is  known. 
This  naturally  varies  with  the  size  of  the  crystals  and  with  the  method 
of  filling  the  container.  It  certainly  would  not  increase  the  convenience 
and  accuracy  of  the  gamma-ray  method  when  in  any  case  the  coefficient 
of  absorption  had  to  be  determined  by  separate  experiment. 

We  found  it  possible  to  extend  the  range  of  the  gamma-ray  method 
for  low-grade  salts  by  taking  shallow  layers  of  salt  within  containers 
of  relatively  large  areas  placed  in  such  a  way  that  all  points  of  the 
surface  of  the  container  are  at  the  same  distance  from  the  gamma-ray 
instrument. 

Principle  of  the  Method. 

This  was  accomplished  by  the  following  arrangement  (Fig.  i).  The 
container  was  a  curved  tin  plate  box  lo  cm.  high  and  2  cm.  deep.  The 
radius  of  curvature  was  30  cm.  and  according  to  this  the  container  was 
placed  at  a  distance  of  30  cm.  from  the  center  of  the  ionization  chamber 
of  the  electrometer.  This  was  of  cylindrical  shape  so  that  the  surface 
of  the  container  formed  a  part  of  a  concentric  cylinder  plane.  The 
instrument  is  a  string  electrometer  (electric  capacity  i  cm.)  devised  by 
one  of  the  authors  in  191 3  for  gamma-ray  measurements. 

»  E.  Schweidler,  Physik.  Zeitschr.,  Vol.  13,  p.  453- 
«H.  Thirring.  Phyaik.  Zeitschr..  Vol.  13.  p.  266,  1912. 
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It  can  be  foreseen  that  with  such  an  arrangement  the  gamma-radiation 
of  a  homogeneous  radium-barium  salt  filling  the  total  space  between 
the  two  cylindric  surfaces  of  the  container  cannot  be  very  different  from 
the  average  of  the  gamma-ray  action  obtained  with  the  same  absolute 


Fig.  1. 

amount  of  radium  in  form  of  a  little  standard  tube  fixed  on  the  outside 
of  the  container,  front  and  back  (points  B  and  C,  Fig.  i).  It  is  easy  to 
prove  this  by  calculation: 

We  take  P  as  an  optional  point  between  the  two  cylindric  planes  of 
the  container  and  call  AP  =  r,  AB  —  a,  AC  —  a  +  d\  d  represents  the 
thickness  of  the  active  layer  within  the  container.  We  consider  the 
action  of  the  gamma  rays  of  the  salt  between  BC  upon  the  center  A 
of  the  ionization  vessel.  The  front  surface  of  the  container  (DBE)  is 
called  5.  Since  d  is  small  compared  with  the  distance  AB  the  volume 
of  the  container  is  S'd  and  the  total  amount  of  radium  within  the  con- 
tainer 

m  =  p'S'd, 

where  p  denotes  the  amount  of  radium  per  unit  of  volume.  We  call 
furthermore  the  coefficient  of  absorption  of  the  gamma  rays  of  RaC 
within  the  radium-barium  salt  /i  and  the  coefficient  of  absorption  in  the 
material  of  the  wall  (zinc)  /i'. 

Taking  a  shallow  elementary  layer  (enclosed  between  two  concentric 
cylinder  planes  at  the  distance  r  and  r  +  dr)  we  obtain  the  ionization 
caused  by  this  layer  as 

al  = » 

where  K  denotes  the  number  of  pairs  of  ions  caused  per  ccm.  and  per  sec. 
by  I  g.  of  radium  (ganmia  radiation  only)  at  i  cm.  distance  (the  so-called 
"Eves  number"),  f"**  '^  denotes  the  absorption  in  the  zinc  plate  which 
forms  the  front  plane  of  the  container  (actual  thickness  d'  =  0.35  mm.). 
Since  r  varies  but  between  a  and  a  +  d  and  we  have  the  square  of  r 
in  the  denominator  we  may  take  the  mean  value  (a  +  d/2)  instead  of  r 
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as  an  approximation.    The  total  radiation  of  the  container  is  then  given 
by  the  integral 


/  = 


and  the  solution  is 


/  = 


fi'{a  +  d/2y'd 


The  same  amount  of  radium  m  concentrated  in  form  bf  a  small  tube 
fixed  at  B  (Fig.  i,  front  of  container)  would  give  a  gamma-ray  action  of 

Km 
and  the  same  tube  fixed  at  C  (rearside  of  container) 

(a  +  dy'' 

because  in  this  case  the  gamma  rays  have  to  traverse  a  thickness  d  of 
salt  and  twice  the  thickness  of  the  zinc  plate. 
The  average  of  these  two  ionizations  is 


2        la^'^  {a  +  dy  i 


In  order  to  compare  /  and  /'  it  is  not  necessary  to  know  the  specific 
ionization  K  caused  by  the  gamma  rays  of  one  gram  of  radium  in  our 
apparatus.  Taking  the  same  quantity  of  radium  in  both  cases  and 
forming  the  quotient  ///'  we  would  expect  that  this  quantity  is  equal  to 
unity  if  the  principle  of  our  method  holds. 

Substituting  numerical  values  according  to  the  conditions  of  our 
experimental  arrangement:  a  =  30  cm.,  d  =  2  cm.,  d'  =  0.035  cm.^ 
/i  =  0.05  cm.~S  /i'  =  0.35  cm.~^  we  obtain 

/ 

J,  =  0.9914- 

In  other  words:  considering  the  action  of  radium  distributed  homo- 
geneously in  our  curved  container  upon  the  center  of  the  ionization  vessel 
we  would  expect  i  per  cent,  less  ionization  as  the  average  of  ionization 
corresponding  to  twojreadings  with  the  same  quantity  of  radium  filled 
into  a  small  tube  fixedjfirst  to  the  front  and  then  to  the  rear  plane  of 
the  container. 
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Experiments. 
The  container  was  filled  with  an  inactive  barium  salt  and  a  very  small 
radium  tube,  containing  0.87  mg.  radium  element  imbedded  in  the  salt 
at  different  positions  throughout  and  the  ionization  measured.  The 
average  of  these  readings  was  0.2025  scale  divisions/sec.  Then  the 
radium  tube  was  taken  out  and  fixed  at  the  center  of  the  front  and  rear 
side  of  the  container:  there  we  obtained  the  readings^  0.2232  and 
0.1858  ScD/sec.  The  mean  of  these  two  readings,  0.2045,  agrees  within 
one  per  cent,  withtthe  average  of  all  readings  within  the  salt,  given  above. 
The  agreement  with  the  calculation  is  perfect. 

Procedure  of  Measurements  with  this  Method  and  Results  as 
Compared  with  Other  Methods. 

The  procedure  of  actual  determinations  of  radium  content  of  samples 
by  our  method  will  be  best  illustrated  by  an  example: 

The  container  was  filled  with  350  grams  of  a  low-grade  radium  barium 
carbonate  the  radium  content  of  which  was  unknown,  and  then  her- 
metically sealed.  The  first  reading  was  taken  not  before  3  hours  after 
sealing  in  order  to  be  sure  that  the  short-lived  products  RaA-RaC  are 
in  equilibrium  with  the  emanation. 

All  measurements  were  taken  at  the  same  distance  (30  cm.)  from  the 
center  of  the  gamma-ray  instrument. 

First  simply  the  gamma-ray  action  of  this  filled  container  was  measured 
and  we  call  this  ionization  ii.  Then  the  standard  tube  (0.87  mg.)  was 
placed  in  addition  to  that  at  the  center  of  the  front  and  afterwards  at  the 
center  of  the  rear  side  of  our  container.  We  call  the  ionization  observed 
in  these  two  cases  i'  and  i''  and  take  their  average 

The  current  *i  corresponds  to  the  action  of  the  unknown  quantity  of 
radium  x  within  the  container,  the  current  ij  to  x  plus  the  standard. 
Thus  we  obtain  x,  expressed  in  milligrams  from  the  equation 

X  +  0.87  _  ij 
X         "  ii 

Dividing  the  result  x  by  the  known  total  weight  of  the  radium-barium 
salt  in  the  container  we  obtain  the  radium  content  of  the  sample  in  mg. 
Ra  per  kilogram  of  salt.  If  the  salt  is  not  in  radioactive  equilibrium 
the  same  procedure  is  repeated  several  days  later  and  from  the  known 
law  of  recovery  of  emanation  in  radium  salts  the  end  value  computed  in 
the  usual  way. 

^  In  fact  these  figures  are  average  figures  of  at  least  5  readings. 
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In  our  special  example  we  obtained  by  this  method  the  result:  Radium 
content  of  our  sample 

1. 10  mg.  per  kilogram  of  salt. 

Now  this  result  was  checked  by  two  other  methods:  In  the  first  place  a 
weighed  sample  of  the  salt  was  dissolved  in  hydrochloric  acid,  diluted  to 
a  proper  concentration  and  then  tested  by  the  emanation  method.  We 
obtained  a  result  of 

1.05  mg.  radium  per  kilogram  of  salt. 

Another  weighed  sample  of  our  carbonate  was  dissolved  in  concentrated 
sulfuric  acid  and  again  tested  by  the  emanation  method.  With  this 
sample  we  obtained 

I.I  I  mg.  Ra  per  kilogram  of  salt. 

The  agreement  of  our  method  with  these  other  methods  is  as  good  as 
can  be  expected  from  the  possible  limits  of  error  of  the  emanation 
methods. 

Our  method  has  some  advantage  over  the  emanation  methods:  it 
takes  much  less  time  (just  two  gamma-ray  determinations  on  two  dif- 
ferent days  are  necessary)  and  no  decomposition  or  dilution  of  the  sample 
is  required. 

Our  method  may  be  used  for  all  materials  the  Radium  content  of  which 
lies  between  lo""*  and  lo"^  g.  Ra  p)er  gram  of  material.  It  fills  the  gap 
between  the  ordinary  range  of  the  gamma-ray  method  and  of  the  emana- 
tion method.  For  materials  with  less  than  io~^  g.  Ra/g.  the  emanation 
method  is  convenient  because  it  is  then  no  more  necessary  to  dilute  the 
dissolved  sample.  A  remarkable  feature  of  our  method  is  that  knowledge 
of  the  coefficient  of  absorption  in  the  salt  used  is  not  required. 

Research  Laboratory, 

U.  S.  Radium  Corporation, 
Orange,  N.  J. 
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THE  VARIATION  OF  THE  PHOTOELECTRIC  CURRENT 
WITH  THICKNESS  OF  METAL. 

By  Otto  Stuhlman,  Jr. 

Synopsis. 

Silver  and  platinum  de(>oeited  in  the  form  of  transparent  and  semitransparent 
wedges  were  examined  for  variation  of  the  photoelectric  current  as  thickness  of  the 
metal  was  increased.  The  metal  was  deposited  on  quartz  by  the  evaporation 
method  and  examined  when  monochromatic  light  fell  on  the  metal  side  of  the  plate. 

The  results  are  found  to  be  consistent  with  the  view  that  the  probability  of  an 
electron  going  a  given  distance  without  losing  its  ability  to  escape  falls  off  exponen- 
tially with  the  distance,  when  this  distance  is  less  than  about  40  /i/t.  Up  to  this 
thickness  there  is  a  parallelism  between  optical  absorption  and  photoelectric  emission. 
For  large  wave-lengths  this  parallelism  is  more  pronounced  than  for  short  wave- 
lengths. For  greater  wave-lengths  optical  absorption  may  increase,  but  photo- 
electric emission  decreases  terminating  at  the  threshold  value  of  photoelectric 
sensitivity. 

The  results  seem  to  support  the  view  that  photoelectric  emission  is  probably 
not  caused  by  the  absorption  of  energy  from  the  incident  light  beam,  the  light 
only  acting  as  the  agent  which  sets  the  electron  free  from  its  pGU*ent  atom. 

TO  test  any  theory  of  the  photoelectric  effect  it  is  necessary  to  know 
how  the  photoelectric  current  varies  with  the  thickness  of  the 
metal  through  which  the  electrons  must  pass  and  the  depth  to  which  the 
light  energy  penetrates  in  the  metal.  To  obtain  an  adequate  conception 
of  the  laws  governing  the  penetration  of  both  light  and  electrons  it  was 
thought  of  primary  importance  to  investigate  the  change  in  photoelectric 
current  as  the  metallic  film  was  increased  in  thickness. 

It  was  hoped,  furthermore,  that  the  results  of  such  an  investigation 
might  afford  a  check  on  the  simple  assumption  that  the  number  of 
photoelectrons  which  escape  falls  off  exponentially  with  the  distance 
moved  in  reaching  the  surface  of  the  metal. 

The  investigation  of  the  behavior  of  photoelectrons  in  passing  through 
metals  is  confined  to  a  few  articles^"^  which  in  general  agree  amongst 
themselves  only  in  the  order  of  the  magnitude  of  the  constants  involved. 
The  literature*  presenting  the  optical  point  of  view  is,  however,  extensive 

*  "Density  Law  of  Absorption,"  Lenard.  Ann.  d.  Phys..  12.  p.  730,  1903. 

*  Ladenburg.  Ann.  d.  Phys.,  12.  p.  558,  1903. 

*  Crother.  Phil.  Mag.,  12,  p.  379,  1906. 

*  Rubens  u.  Ladenburg.  Ber.  d.  D.  Phys.  Gee.,  24.  p.  749,  1907. 
^Partzsh  u.  Hallwachs,  Ann.  d.  Phys..  41.  p.  247.  1913. 
'Stuhlman.  Phys.  Rbv..  13.  p.  132.  1919- 

^  ^  K.  T.  Compton  and  Ross.  Phys.  Rbv..  13.  p.  374.  1919. 

•For  a  summary  see  Partish  and  Hallwachs,  Ann.  d.  Phys.,  41,  p.  250,  1913.     /^^-^ 
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though  often  very  contradictory.  Whether  the  light  penetrates  the 
metal  to  a  depth  of  several  wave-lengths  or  only  a  fraction  of  a 
wave-length  is  still  an  open  question. 

Method. — ^The  results  were  obtained  with  the  apparatus  outlined  in 
the  writer's  above-cited  paper*  and  are  a  continuation  of  this  work  and 
an  effort  to  extend  and  correlate  similar  problems  investigated  by  K.  T. 
Compton,  Ross,  Robinson,  Partzsh  and  Hallwachs  and  by  the  writer. 

The  metals,  platinum  and  silver,  were  deposited  by  the  evaporation 
method^  in  the  form  of  wedges,  transparent  at  their  thin  ends  and 
opaque,  or  nearly  so,  at  their  thick  ends.  These  semitransparent  wedges 
deposited  in  quartz  were  then  examined  for  their  photoelectric  effect 
at  successive  millimeter  intervals  along  their  lengths,  when  light  from 
a  1 10- volt  Cooper-Hewitt  quartz  mercury  vapor  lamp  was  allowed  to 
fall  at  normal  incidence  on  the  metal  side.  A  quartz  lens  of  about  20 
cm.  focal  length  was  used  with  a  slit,  which  appeared  as  an  image  one 
inillimeter  in  width,  when  focussed  on  the  metallic  wedge  under  examina- 
tion. When  monochromatic  light  was  used,  a  Hilger  quartz  monochro- 
matic illuminator  was  interposed. 

Results, — ^The  curve  ABC  in  Fig.  i  shows  the  characteristic  photo- 
electric emission  obtained  from  a  metal  as  a  function  of  the  thickness  of 
the  metal,  when  exposed  to  the  full  radiation  from  the  quartz  mercury 
vapor  lamp,  at  normal  incidence.  Somewhat  similar  results,  though 
only  qualitatively  interpretable,  were  previously  published  by  J.  Robin- 
son,^ and  the  writer  working  with  K.  T.  Compton.*  One  possible 
theoretical  treatment  of  the  problem  was  worked  out  by  Partzsh  and 
Hallwachs.*  They  suggested  that  if  Ip  is  the  intensity  of  the  light 
which  enters  and  penetrates  the  surface  of  the  metal,  then  at  a  depth 
X  this  intensity  drops  to  /  =  IpC'^^t  where  a  is  the  coefficient  of  absorption 
of  the  light.  From  any  thickness  dx  located  some  distance  x  below  the 
surface  of  the  metal  nidx  electrons  start.  These  are  absorbed  expo- 
nentially in  passing  back  through  the  thickness  x  with  coefficient  of 
absorption  j8.     The  total  number  emerging  is 

where  d  is  the  thickness  of  the  metal  under  examination.  Three  tacit 
assumptions  are  involved,  namely  that  the  number  of  electrons  which 
retain  their  ability  to  escape  falls  off  exponentially  with  the  distance 
moved  normally  to  the  surface,  and  that  the  coefficients  of  absorption  of 

*  Stuhlman,  Jour.  Optical  Soc..  i.  p.  78,  1917;  Phys.  Rbv.,  13.  p.  112.  1919. 
>  Robinson,  Phil.  Mag.,  25.  p.  115.  1913;  ibid.,  32,  p.  421,  1916. 
*Stuhlman  and  Compton,  Phys.  Rev.  (2).  II.,  p.  208.  1913. 
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the  light  and  of  the  electrons  are  independent  of  the  thickness  of  the 
metal. 

This  simple  theory  leads  one  to  expect  the  photoelectric  current  to 
increase  exponentially  from  zero  thickness,  to  a  saturation  value  com- 
parable to  the  current  obtained  from  a  thick  sheet  of  metal  under  the 
usual  circumstances.  The  thickness  at  which  this  occurs  is  then  the 
maximum  depth  to  which  the  light  penetrates  the  metal. 

The  extensive  curve  shown  in  Fig.  i  was  not  obtained  from  a  single 
metallic  wedge.  At  first  a  wedge  very  rapidly  increasing  in  thickness 
was  examined.  This  information  gave  the  general  outline  of  the  curve. 
Then  a  very  thin  wedge  was  examined.  This  gave  the  data  for  the  points 
lying  at  the  beginning  of  the  curve.  These  detailed  data  usually  covered 
about  the  first  third  of  the  graph  as  shown  in  Fig.  i.  Then  this  wedge 
was  replaced  in  the  deposition  apparatus  and  more  metal  was  deposited, 
thus  increasing  the  thickness  uniformly  over  the  whole  surface.  Upon 
examination  this  second  wedge  usually  furnished  the  data  for  the  second 
third  of  the  graph.  This  was  repeated  until  the  saturation  value  of  the 
photoelectric  current  curve  was  obtained.  A  check  on  the  shape  and 
location  of  the  sink  in  the  curve  was  obtained  by  placing  two  quartz 
plates  end  to  end  and  depositing  a  metal  wedge  on  both  simultaneously. 
In  this  way  the  deposit  on  one  plate  gave  the  data  for  one  part  of  the 
curve  and  the  deposit  on  the  other  the  data  for  the  adjoining  part. 

The  thickness  of  the  metal  at  some  point  along  the  wedge  was  obtained 
as  follows:  A  quartz  plate  was  covered  with  a  uniform  deposit  of  the 
metal  and  matched  in  color  with  a  similar  point  on  the  wedge,  to  iden- 
tify its  relative  position.  The  photoelectric  current  from  this  plate, 
when  exposed  under  the  same  conditions  as  the  wedge,  was  compared 
with  the  photoelectric  current  from  the  wedge.  The  thickness  of  the 
uniformly  deposited  plate  was  determined  by  weighing,  and  this  thickness 
identified  the  thickness  of  the  metallic  wedge  which  produced  the  same 
photoelectric  current  as  the  uniformly  deposited  plate. 

Where  no  points  of  observation  are  shown  on  the  graphs,  it  is  under- 
stood that  a  combination  of  several  of  the  above  methods  furnished  the 
data.  Where  extrapolations  or  interpolations  are  resorted  to,  the  curves 
are  shown  by  broken  lines. 

The  dotted  line  in  Fig.  i  shows  the  results  to  be  expected  from  the 
above  theory  on  the  assumption  that  the  two  coefficients  are  of  the  same 
order  of  magnitude  and  independent  of  the  thickness  of  the  metal. 
The  experimental  data  do,  in  general,  conform  to  this  theory  especially 
for  large  wave-lengths.  For  the  data  presented  above,  however,  there 
exists  a  marked  departure  from  the  simple  theory.     While  the  experi- 
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mental  results  usually  fit  the  theory  for  very  small  and  large  thicknesses 
of  metal,  for  intermediate  thicknesses  there  is  a  marked  departure  as  at 
ABC.  Here  the  curve  is  seen  to  pass  through  a  pronounced  minimum, 
B,  before  reaching  its  saturation  value. 
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The  earlier  work  by  the  writer  and  K.  T.  Compton^^  and  J.  Robinson** 
also  showed  an  unusual  change  in  the  photoelectric  current  for  metallic 
thicknesses  comparable  to  lo"^  cm.,  apparently  out  of  all  proportion  to 
the  amount  of  light  absorbed  by  the  metal.  Robinson's  data  stops 
just  short  of  the  point  B  in  Fig.  i,  hence  he  interpreted  his  results  as 
showing  an  abnormal  emission  of  current  for  thicknesses  comparable  to 
the  point  A,  That  is,  his  results  are  interpreted  as  showing  a  maximum 
in  the  curve  at  A  while  the  above  curve  and  subsequent  data  show  that 
the  photoelectric  current  proceeds  normally  as  far  as  the  point  A  and 
then  departs  from  the  theoretically  expected  current  by  an  apparent 
subnormal  development  between  A  and  C.  Beyond  A  the  photo- 
electric current  seems  to  be  no  longer  proportional  to  the  thickness  of 
the  metal  penetrated  by  the  incident  light  energy. 

In  support  of  this  interpre^^*^'"  are  quoted  some  results  from  an 
earlier  paper  by  the  writer  and  K.  T.  Compton**  shown  as  an  insert  in 
Fig.  I.  This  curve  represents  the  photoelectric  current  emitted  by  a 
platinum  film,  cathodically  deposited  in  successively  thicker  layers  on  a 
platinum  plate.  As  in  the  above  curve  the  current  rises  exponentially 
from  zero  thickness  to  its  maximum,  or  saturation,  value  with  a  small 
but  appreciable  variation  at  the  point  B.  This  point  of  observation, 
at  that  time  attributed  to  experimental  error,  lies  below  the  exponential 
curve  drawn  through  the  other  points.  Here,  as  before,  we  meet  with 
a  subnormal  current,  not  an  abnormal  rise  in  current,  for  thickness  of 
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metal  comparable  to  lO"^  cm.  Hence  with  the  completed  curve  before 
us  we  must  conclude  that  the  photoelectric  current  is  proportional  to  the 
thickness  of  the  metal  for  all  values  of  thickness  except  such  critical 
values  as  give  an  apparent  subnormal  current. 

Results  With  Monochromatic  Illumination. — ^The  work  was  next  ex- 
tended to  determine  the  change  in  the  photoelectric  current  with  change 
in  frequency  of  the  incident  light.  Some  characteristic  results  as  ob- 
tained from  silver  are  shown  in  Fig.  2.  The  upper  curve  shows  the 
photoelectric  current  from  silver  as  a  function  of  metallic  thickness 
when  unresolved  light  from  the  quartz  mercury  vapor  lamp  fell  on  the 
metallic  side  of  the  wedge  at  normal  incidence.  It  shows  the  approximate 
average  location  of  the  subnormal  part  of  the  curve  referred  to  as  .B  in 
Fig.  I.  A  cover-glass  one  millimeter  thick  was  next  introduced  into 
the  path  of  the  incident  beam.  Previous  examination  with  a  Hilger 
monochromatic  illuminator  h^d  shown  that  this  plate  absorbed  all  wave- 
lei^^ths  below  X  3131.  The  results  thus  obtained  are  given  by  the 
lower  curve  of  Fig.  2.  A  Hilger  monochromatic  illuminator  was  next 
introduced  into  the  incident  beam  and  set  for  X2536.  These  results 
are  shown  by  the  middle  curve. 

Increasing  the  wave-length  of  the  incident  light-energy  shifts  the 
subnormal  part  of  the  curve  to  regions  of  greater  thicknesses. 


Fig.  2. 

A  similar  comparison  with  platinum  as  given  in  Fig.  3  shows  the  same 
effect  only  to  a  less  degree.  If  we  compare  platinum  with  silver,  for 
wave-length  X  253.6  for  wedges  deposited  under  identical  conditions, 
we  find  that  the  subnormal  position  of  the  curve  for  silver  lies  at  thickness 
90  MM  while  platinum  has  its  minimum  at  about  45  n/x  thickness. 


Digitized  by 


Google 


70 


OTTO  STUHLMAN,  JR, 


Lsn 


ICOMD 

Sbubs. 


Results  Due  to  Fatigue, — It  was  thought  that  the  slight  shift  in  the 
minimum  of  the  curve  as  the  wave-length  of  the  incident  light-energy 
decreased  was  due  to  aging  because  of  occlusion  of  gases.  Shrinkage  in 
thickness  due  to  aging  might  account  for  it,  but  this  possibility  was 
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•eliminated  when  the  thickness  of  the  metal  was  determined  immediately 
after  the  photoelectric  current  measurements.  To  test  for  any  change 
•caused  by  aging  due  to  absorption  of  gases,  a  silver  wedge  was  examined 
directly  after  deposition  (curve  No.  i,  Fig.  4),  then  twenty-four  hours 
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later.  These  latter  results  are  shown  by  curve  No.  2.  Then  the  metal 
was  examined  eight  days  later  with  the  results  shown  in  curve  No.  3. 
These  curves  show  no  measurable  shift  in  the  location  of  the  minimum, 
although  there  is  an  indication  of  a  slight  shift  in  the  position  of  the 
peak  of  the  curve,  towards  the  thin  end  of  the  wedge.  The  relative 
changes  in  magnitude  of  the  current  follow  the  usual  course  of  changes 
which  accompany  "photoelectric  fatigue."  On  the  other  hand  a  more 
detailed  examination,  of  this  [X)ssible  change,  with  platinum  and  wave- 
length 253  MM.  with  a  nine-day  idle  period  between  tests,  showed  a  slight 
shift  of  the  peak  in  the  curve  towards  the  region  of  greater  thickness. 
No  measurable  change  in  the  position  of  the  minimum  point,  except 
that  which  could  be  accounted  for  by  experimental  error,  was  detected. 

We  might  conclude  therefore  that  for  any  given  metal  there  is  a  real 
departure  from  the  simple  saturation  curve  showing  that  the  thickness 
of  the  metal  and  photoelectric  effect  are  proportional  and  that  this 
departure  appears  as  an  apparent  subnormal  photoelectric  current.  The 
subnormal  part  of  the  curve  or  point  of  minimum  photoelectric  eniission 
in  the  curve  shifts  to  regions  of  greater  thickness  as  the  wave-length  of 
the  exciting  light  increases. 

Discussion, — All  the  curves  at  the  origin  have  one  thing  in  common, 
they  are  either  linear  or  possess  a  slight  curvature  concave  downward. 
Robinson's  results*"  show  his  curves  as  possessing  a  point  of  inflexion 
near  the  origin,  as  if  the  photoelectric  current  increased  at  first  slowly 
and  then  more  rapidly  with  thickness  of  metal.  Theoretically  the 
photoelectric  emission  and  thickness  are  proportional,  as  there  is  a 
proportionality  between  absorption  of  light  and  thickness  of  metal.^'  * 

If  the  amount  of  light  absorbed  is  proportional  to  the  resulting  photo- 
electric current  then  this  proportionality  is  only  true  for  the  first  10  mm 
thickness  of  the  metal  penetrated  by  the  light  in  case  of  very  short  waves, 
but  may  reach  a  thickness  of  300  nn  or  more  for  wave-lengths  comparable 
to  X  3130 .  This  initial  depth  in  which  exponential  absorption  takes 
place,  as  manifested  by  the  emission  of  photoelectrons,  increases  as  the 
wave-length  of  the  incident  light-energy  increases.  It  cannot  however 
increase  as  rapidly  as  the  wave-length  increases  due  to  the  decrease  in 
kinetic  energy  of  emission  of  the  electrons  as  the  wave-length  approaches 
its  photoelectric  threshold  value. 

If  the  coefficient  of  absorption  for  silver  as  determined  by  Fritze* 
and  later  by  W.  Planck'  are  examined,  for  wave-lengths  lying  between 
400  and  500  MMi  we  find  in  general  an  exponential  increase  in  these 


/^i^ 


*  Fritze.  Ann.  d.  Phys.,  47,  p.  763,  191 5.  / 

•  W.  Planck,  Phys.  Zeit.,  p.  563,  1914.  '      ^ 
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coefficients  with  increase  in  thickness  of  the  metal  through  which  the 
light  penetrates.  Their  results  show  a  depression  in  the  coefficient  of 
absorption-thickness  curve  in  the  vicinity  of  50  mm  thickness  for  X546 
and  what  appears  to  be  a  shift  in  this  depression  to  smaller  thicknesses 
as  the  wave-length  decreases  to  X  526. 

If  we  examine  the  absorbing  power  of  these  two  metals  or  their  trans- 
parency, with  increasing  thickness,  we  at  once  notice  several  interesting 
analogies.  Silver  and  platinum  as  examined  by  Hagen  and  Rubens 
for  their  relative  transmission,  for  a  given  wave-length  as  a  function  of 
the  thickness  of  the  metal,  found  that  a  silver  surface  80  mm  thick  became 
more  and  more  transparent  as  the  wave-length  of  the  incident  energy 
decreased  from  X  7000  to  X  3210.  At  the  latter  wave-length  the  silver 
transmitted  32  per  cent,  of  the  incident  energy.  From  this  wave-length 
down  to  X2210  the  surface  rapidly  became  less  transparent,  reaching  a 
minimum  of  1.5  per  cent,  for  wave-length  2210. 

Upon  comparing  equal  thicknesses  of  metal,  say  8omm»  we  find  as 
shown  in  Fig.  2,  that  with  decreasing  wave-length,  the  photoelectric 
results  show  an  increase  in  the  transmission  of  light  by  silver.  This 
transmission  reaches  a  maximum  at  X3210.  Here  the  absorption  is  a 
minimum  but  not  quite  zero.  Photoelectrically  the  light  absorption 
ceases  at  X  3250,  the  threshold  value  for  silver.  Beyond  this  wave-length 
photoelectric  action  does  not  set  in  again  although  optical  absorption 
increases  very  rapidly.  If  absorption  of  light  and  emission  of  photo- 
electrons  go  hand  in  hand,  why  does  not  the  photoelectric  effect  follow 
the  increase  in  optical  absorption?  It  seems  as  if  the  two  phenomena 
at  this  point  were  only  remotely  related  or  have  nothing  in  common. 
It  appears  probable  that  there  are  really  two  phenomena  superimposed; 
the  optical  absorption  which  removes  energy  from  the  light-wave,  and 
the  photoelectric  effect  which  removes  no  energy  from  the  light-wave. 
The  light  appears  to  act  only  as  the  agent  reaching  into  the  atom  to 
release  a  particular  electron. 

Hagen  and  Rubens*  optical  results  showed  that  silver  possesses  marked 
regions  of  selective  transmission ;  a  given  thickness  becoming  more  and 
more  transparent  as  the  light  decreased  in  wave-length  from  X  3160  to 
X  2510.  This  is  also  verified  by  the  above  photoelectric  measurements. 
Where  the  photoelectric  current  passes  through  a  minimum  the  metal 
must  allow  most  of  the  incident  energy  to  pass  through  it  without 
producing  a  photoelectric  effect,  so  that  the  light  transmitted  by  this 
layer  is  the  same  as  the  amount  transmitted  by  a  much  thinner  layer  of 
metal.  Under  these  circumstances  it  would  be  impossible  to  use  the 
transmitted  energy  as  a  measure  of  film  thickness  as  has  been  done  by 
Compton  and  Ross.^ 
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If  we  compare  the  results  from  silver  with  those  from  platinum,  say 
for  wave-length  X  2536,  we  at  once  notice  that  the  photoelectric  current 
for  platinum  is  very  much  larger  than  that  for  silver,  when  equal  thick- 
nesses of  metal  are  compared.  This  is  also  in  agreement  with  the  optical 
absorption  of  these  metals.  Hagen  and  Rubens^  found  that  for  X3210 
silver  was  about  one  thousand  times  more  transparent  than  platinum 
when  equal  thicknesses  of  metal  (80  mm)  were  compared.  Judging  from 
the  photoelectric  results  and  using  the  assumption  that  the  photo- 
electric current  is  proportional  to  the  amount  of  light  absorbed,  this 
magnitude  seems  very  much  too  large.  At  most  the  photoelectric  results 
show  platinum  only  ten  times  more  absorbing  than  silver.  This  variation 
might  be  accounted  for  by  the  great  difference  in  the  absorption  of  the 
electrons  as  they  pass  through  the  metals.  Unfortunately  the  coefficient 
of  absorption  of  the  electron  for  platinum  is  not  more  than  twice  as 
large  as  that  for  silver.*  Again  we  are  confronted  with  the  same  diffi- 
culty, in  that  the  optical  absorption  does  not  allow  us  to  arrive  at  a  con- 
clusion as  to  the  magnitude  of  the  photoelectric  current  that  may  be 
liberated  by  a  metal. 

Finally  an  examination  of  the  photoelectric  current  for  a  change  in 
the  intensity  of  the  light  showed  a  corresponding  change  in  the  magnitude 
of  the  current  but  no  measurable  shift  in  the  curve  along  the  thickness 
axis. 

Conclusions. 

The  amount  of  light  absorbed  by  a  metal  and  the  photoelectric  current 
generated  as  the  result  of  the  penetration  of  the  light  into  the  metal  are 
not  in  general  proportional  to  each  other. 

If  the  light  penetrating  a  metal  is  absorbed  according  to  the  known 
simple  exponential  law  then  the  photoelectric  current  is  only  proportional 
to  the  amount  absorbed  in  a  depth  of  metal  comparable  to  less  than 
one  tenth  a  wave-length  of  the  incident  energy. 

The  greater  the  wave-length  of  the  energy  producing  photoelectric 
activity  the  greater  the  depth  to  which  absorption  of  light  and  emission 
of  current  are  proportional. 

In  the  case  of  silver  the  variation  in  optical  transmission  runs  parallel 
to  the  variation  in  the  photoelectric  current  as  the  thickness  of  metal 
changes. 

Optical  absorption  of  the  light  may  take  place  without  photoelectric 
emission. 

Photoelectric  emission  is  not  caused  by  the  absorption  of  the  light 

*  " DurchlSLssigkeit "  as  used  by  Hagen  and  Rubens.  Ann.  d.  Phys.,  8,  p.  449,  1902.  i^V^ 

^Stuhlman.  Phys.  Rbv.,  15,  p.  549.  1920. 
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energy,  but  the  light  acts  only  as  an  agent  in  setting  the  electrons  free 
from  their  parent  atoms. 

The  number  of  photoelectrons  retaining  ability  to  escape  falls  off 
exponentially  with  the  distance  moved  in  reaching  the  surface  of  the 
metal.  The  data  presented  could  not  however  be  used  to  distinguish 
between  this  conclusion  and  one  in  which  the  ability  to  escape  falls  off 
exponentially  with  the  distance  moved  normally  to  the  surface. 

THB  UNIVKRSriY  OF   NORTH   CAROLINA, 

Chapel  Hnx. 
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NOTE  ON  THE  RATIO  OF  MASS  TO  WEIGHT  FOR  BISMUTH 

AND  ALUMINUM. 

By  H.  a.  Wilson. 

Synopsis. 

The  ratio  of  mass  to  weight  has  been  shown  to  be  the  same  for  bismuth  and 
aluminum  to  within  one  in  one  million,  by  the  method  of  E6tv5s. 

MR.  BRUSH^  has  recently  described  some  experiments  on  the  gravi- 
tational attractions  exerted  by  several  substances  and  on  the 
ratio  of  mass  to  weight  for  some  of  them.  Contrary  to  the  results  of 
previous  experimenters  he  finds  this  ratio  different  for  different  substances 
and  the  attractions  per  unit  mass  also  different.  Mr.  Brush's  experi- 
ments appear  to  have  been  conducted  with  some  care  and  it  is  not  easy 
to  suggest  sources  of  error  which  might  account  for  his  surprising  results. 
In  the  case  of  his  pendulum  experiments  he  does  not  state  that  he  cor- 
rected for  the  buoyancy  of  the  air  and  this  effect,  if  not  allowed  for, 
would  be  sufficient  to  produce  an  error  of  the  same  order  as  the  differ- 
ences he  found. 

Mr.  Brush  found  the  greatest  difference  in  the  attractions  in  the  case 
of  aluminum  and  bismuth,  so  I  have  made  a  comparison  of  the  ratios  of 
mass  to  weight  for  these  two  substances  by  the  very  excellent  method  of 
Eotvos.*  The  result  shows  that  this  ratio  is  the  same  for  these  two  sub- 
stances to  within  one  part  in  one  million. 

Two  small  cylinders,  one  of  bismuth  and  one  of  aluminum,  and  each 
weighing  about  one  gram  were  attached. to  the  ends  of  a  horizontal  alu- 
minum wire  six  cms.  long  which  was  soldered  to  a  vertical  wire  at  its 
middle  point.  The  vertical  wire  was  suspended  by  a  fine  platinum  wire, 
thus  forming  a  torsion  balance.  A  mirror  was  carried  by  the  vertical 
wire  and  the  balance  was  suspended  in  a  suitable  metal  case  having  a 
glass  window.  The  case  could  be  turned  about  a  vertical  axis  on  a  stand 
provided  with  levelling  screws.  A  telescope,  provided  with  illuminated 
cross  wires  in  its  eye -piece  was  attached  to  the  case  and  the  apparatus 
could  be  adjusted  so  that  the  image  of  the  cross  wires  formed  by  light 
reflected  from  the  mirror  could  be  made  to  coincide  with  another  cross 
wire  in  the  eye- piece. 

>  Phys.  Rev.  (2).  XIX.,  p.  125,  192 1. 

*  Mathematische  und  Naturwissenschaftliche  Berichte  aus  Ungam,  Bd.  8,  S.  64,  1891. 
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The  case  was  turned  so  that  the  balance  beani  was  approximately 
East  and  West  and  was  then  turned  through  two  rightangles.  It  was 
found  that  after  turning  through  two  rightangles  the  image  of  the  cross 
wires  came  to  rest  not  more  than  one  quarter  of  a  millimeter  from  its 
previous  position  in  the  eye-piece.  The  lower  end  of  the  vertical  wire 
of  the  balance  dipped  into  a  small  vessel  containing  castor  oil  which  gave 
sufficient  damping.  To  prevent  twisting  of  the  torsion  wire  when  the 
case  was  turned  through  two  rightangles  stops  were  provided  which 
carried  the  beam  round  with  the  case.  These  stops  were  put  in  position 
after  the  telescope  was  adjusted  so  that  the  image  coincided  with  the 
cross  wires  and  were  removed  after  the  case  had  been  rotated. 

The  time  of  one  complete  vibration  of  the  beam  was  about  three 
minutes. 

The  theory  of  the  experiment  is  as  follows.  Owing  to  the  rotation  of 
the  earth  part  of  the  attraction  of  the  earth  on  a  body  is  used  up  in 
keeping  the  body  on  its  circular  path. 

If  r  denotes  the  radius  of  the  earth  and  w  its  angular  velocity,  then  in 
latitude  ^,  the  horizontal  component  of  the  centrifugal  force  on  a  body 
of  mass  m  is  mrw*  cos  B  sin  B.  The  attraction  of  the  earth  is  mg  towards 
its  center  so  that  if  4>  denotes  the  inclination  of  the  apparent  weight  to 
the  earth's  radius 

rw*  cos  B  sin  B 

* — i — 

For  another  body  suppose 

ru^  cos  B  Fin  B 


«'  = 


r 


If  the  two  bodies  have  nearly  equal  masses  and  are  suspended  East 
and  West  on  a  torsion  balance,  as  in  Eotv5s*  experiment,  there  will  be 
a  couple  acting  on  the  balance  equal  to  mgd  (0  —  0')  where  d  is  half  the 
length  of  the  balance. 

If  T  is  the  time  of  one  oscillation  of  the  balance  T  =  2vd'>l2in/fjL, 
where  m  is  the  torsion  coefficient  of  the  wire.  Hence  fx  =  Sir^nuP/T^^ 
The  couple  mgd  (0'  —  0)  will  twist  the  wire  through  an  angle  A  given  by 

mA  =  mg  {4>'  -  4>)  d. 

When  the  apparatus  is  turned  through  two  rightangles  the  wire  will  be 
twisted  through  an  angle  2A  and 

2mg  (0  -  4>')  d        (g  -  g')  T^rw^  cos  B  sin  B 
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If  t  denotes  the  time  of  one  revolution  of  the  earth  then  w  =  2ir/<  and 
-^   =  (2A) 


g'  ^     '  rT^siT)2e 

For  Houston  6  =  30**  so  with  T  =  180  sees,  g  =  980  and  d  =  3  cms. 
we  get 

^-^  =  25  X  10"^  X  (2A). 

The  experiments  showed  that  2 A  was  less  than  about  1/2500,  so  that 
U  "  ^)lg'  was  less  than  about  lO"*. 

We  conclude  therefore  that  the  acceleration  of  gravity  is  the  same  for 
bismuth  and  aluminum  to  within  one  part  in  one  million. 

RiCB   INSTITUTB, 

Houston,  Texas, 
March  25,  1922. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society, 

Minutes  of  the  Washington  Meeting,  April  21  and  22,  1922. 

The  115th  regular  meeting  of  the  American  Physical  Society  was  held  at 
the  Bureau  of  Standards  in  Washington,  D.  C,  on  Friday  and  Saturday, 
April  21  and  22,  1922.  There  were  morning  and  afternoon  sessions  on  both 
days,  with  an  attendance  of  about  one  hundred  and  seventy-five  members 
and  visitors.  The  presiding  officers  were  Theodore  Lyman  and  Charles  E. 
Mendenhall,  President  and  Vice-President  of  the  Society,  respectively.  The 
Association  of  Apparatus  Manufacturers  held  sessions  upon  the  same  days. 
On  the  evening  of  Friday,  April  21,  there  was  a  joint  dinner,  held  in  the  dining 
room  of  the  Bureau  of  Standards,  at  which  there  were  addresses  by  Director 
S.  W.  Stratton,  Professor  R.  A.  Millikan  ^and  Professor  F.  K.  Richtmyer. 
There  was  also  a  very  interesting  exhibit  of  scientific  apparatus. 

There  was  a  meeting  of  the  Council  on  the  afternoon  of  Friday,  April  21, 
1922,  attended  by  fourteen  members.  There  were  important  discussions 
regarding  the  report  of  the  Educational  Committee  and  with  regard  to  the 
development  of  the  Physical  Review.  One  candidate  was  elected  to  Fellow- 
ship and  thirty-two  were  elected  to  membership,  as  follows:  Elected  to  Fellow- 
ship; Otto  Maass:  Elected  to  Membership',  Norman  I.  Adams,  Donald  S. 
Ainslie,  George  W.  Alderman,  O.  S.  Duffendack,  David  C.  Duncan,  Scott  B. 
Ewing,  O.  Rex  Ford,  George  S.  Gessner,  George  E.  Gibson,  Helen  G.  Rafsky, 
A.  L.  Greenlees,  William  W.  Harper,  Kalman  Heindlhofer,  August  Hund, 
G.  E.  M.  Jauncey,  Robert  V.  Kleinschmidt,  Raymond  G.  LehnhoflF,  James  B. 
Macelwane,  W.  C.  McQuarrie,  Duncan  MacRae,  Georgfe  R.  Miller,  Leslie 
F.  Murch,  Brian  O'Brien,  W.  H.  Pielemeier,  Samuel  Robinson,  Allen  G. 
Shenstone,  James  J.  Smith,  Robert  B.  Sosman,  M.  N.  States,  Alma  T.  Waldie, 
Usaburo  Yoshida,  J.  F.  T.  Young,  W.  C.  Geer.  Walter  S.  Huxford,  Edwin 
L.  Rose. 

The  following  program  of  sixty-two  papers  was  presented;  seven  of  these, 
Nos.  28,  29,  33,  42,  43,  56  and  60  were  read  by  title: 

1.  Characteristic  X-Ray  Absorption  in  the  "L"  Series  for  Elements  N62  to 
N77.    J.  M.  Cork. 

2.  Effect  of  Temperature  on  the  X-Rays  Scattered  by  Crystals.  G.  E.  M. 
Jauncey. 
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3.  The  Effect  of  Occluded  Hydrogen  upon  the  Crystalline  Space-Lattice  of 
Palladium.     L.  W.  McKeehan. 

4.  X-Ray  Limits  Beyond  the  Range  of  Spectroscopic  Measurements.  F.  L. 
MoHLER  and  Paul  D.  Foote. 

5.  Precision  Measurements  of  the  Alkali  Halides.     Wheeler  P.  Davey. 

6.  Total  Reflection  of  X-Rays  from  Glass  and  Silver.     Arthur  H.  Compton. 

7.  The  Crystal  Structure  of  Strontium  Selenide.  Mabel  K.  Slattery. 
Introduced  by  Edna  Carter. 

8.  A  New  Method  of  Using  X-Rays  in  Crystal  Analysis.  William  Duane 
and  George  L.  Clark. 

9.  A  Study  of  Secondary  Valence  by  Means  of  X-Rays.  George  L.  Clark 
and  William  Duane. 

10.  The  Scattering  of  X-Rays  at  Small  Angles.  A.  R.  Duane  and  William 
Duane. 

11.  Note  on  the  Size  of  the  Electron  as  Determined  by  the  Absorption  and 
Scattering  of  X-Rays.     F.  K.  Richtmyer. 

12.  Short  Electric  Waves.     E.  F.  Nichols  and  J.  D.  Tear. 

13.  The  Optical  Constants  of  Certain  Liquids  for  Short  Electric  Waves. 
J.  D.  Tear. 

14.  A  Mechanical  Model  for  Hysteresis.     A.  Press. 

15.  The  Variation  of  the  Photoelectric  Current  with  Thickness  of  Metal.  ^'''^ 
Otto  Stuhlman,  Jr. 

16.  Free  Modes  of  Oscillation  in  Loop  Aerials.  S.  L.  Brown  and  C.  P. 
Boner. 

17.  Improved  Experiments  on  Magnetization  by  Rotation.  S.  J.  Barnett 
and  L.  J.  H.  Barnett. 

18.  The  Effect  of  a  Longitudinal  Magnetic  Field  on  the  Mechanical  Proper- 
ties of  a  Vibrating  Nickel  Wire.  C.  V.  Kent  and  B.  J.  Babbitt.  Introduced 
by  H.  M.  Randall. 

19.  Theory  of  End-Loss  Corrections  and  Their  Application  to  Tungsten 
Filaments  in  Vacuo.    A.  G.  Worthing. 

20.  Effect  of  the  Current  Distortion  by  Long  Lines  on  the  Operation  of 
Recording  Relays.     Carl  Kinsley. 

21.  The  Calculation  of  the  Capacity  of  Antennas.     Frederick  W.  Grover. 

22.  Direct  Capacity  Measurement.     George  A.  Campbell. 

23.  The  Complete  Scale  of  Color  Temperature  and  its  Application  to  the 
Color  Grading  of  Daylight  and  Artificial  lUuminants.     Irwin  G.  Priest. 

24.  A  Simple  and  Accurate  Method  for  Determining  Surface  Tension  and 
Density  of  Molten  Glass.     Edward  W.  Washburn. 

25.  New  Proof  of  the  Specular  Reflection  of  Molecules.  R.  A.  Millikan 
and  Karl  S.  Van  Dyke. 

26.  Radial  Flow  in  Rotating  Liquids.  Harold  Mottsmith  and  Irving 
Langmuir. 

27.  Noises  in  Stressed  Metals.     Barry  MacNutt  and  A.  Concilio. 
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28.  The  Simple  Rigidity  of  Drawn  Tungsten  Wire  at  Incandescent  Tempera- 
tures.   William  Schriever. 

29.  The  Reversible  Inductivity  of  Rochelle  Salt  under  High  Frequency 
Fields.    John  G.  Frayne. 

30.  Reciprocal  Diffraction  Relations  Between  Circular  and  Elliptical  Plates. 
John  Coulson  and  G.  G.  Becknell. 

31.  A  Flow  Calorimeter  for  Measuring  the  Heat  Capacity  of  Gases.  H.  F. 
Stimson,  T.  S.  Sligh  and  N.  S.  Osborne. 

32.  Elastic  Constants  of  Solid  Rods  at  High  Frequencies.     W.  G.  Cady. 

33.  The  Influence  of  the  Surface  Tension  on  the  EfHux  of  a  Liquid  in  Jet- 
Form.    Julius  Hartmann.     Introduced  by  Hugo  Fricke. 

IV        34-  A  Study  of  the  Luminous  Discharge  in  Hydrogen  and  in  Mercury  and  a 
New  Method  of  Measuring  Ionization  Potentials.     George  E.  Gib^n  and 
W.  Albert  Noyes,  Jr. 
V,  ^      35.  Excitation  of  the  Spectra  of  Hydrogen  and  of  Nitrogen  in  Low- Voltage 
Arcs.     O.  S.  Duffendack.     Introduced  by  K.  T.  Compton. 

36.  The  Relative  Intensities  of  Stark  Effect  Components  in  the  Helium 
Spectrum.    John  Stuart  Foster. 
^  ^       37-  Cathodoluminescence  of  Heated  Alumina.     D.  T.  Wilber. 

38.  Radiation  from  Oxides.     I.  Emissive  Power  in  Red  of  Zirconium  Oxide. 

W.  E.  FORSYTHE. 

39.  Variation  of  Contact  Difference  of  Potential  with  Temperature  in 
Potassium  and  Sodium,  and  the  Accompanying  Changes  in  Photo-Electric 
Emission.     Herbert  E.  Ives. 

40.  A  Precision  Rotating  Sectoi :  Aperture  Variable  and  Measurable  While 
in  Motion.     A.  H.  Pfund. 

41.  Specific  Intensity  of  Radiation  in  an  Absorbing  Medium.     Leigh  Page. 
>^        42.  Phenomena  in  Gases  Excited  by  Radio  Frequency  Currents.     E.  O. 

HULBURT. 

nH      43.  On  the  Effect  of  Short  Electromagnetic  Waves  on  a  Beam  of  Electrons. 

C.  J.  Lapp. 
4  \       44.  Effect  of  the  Initial  Emission  Velocities  of  Electrons  on  the  Minimum 

Arcing  Voltage  in  Gases.     K.  T.  Compton  and  Y.  T.  Yao. 
^  :       45.  The  Independence  of  the  Arcing  Voltage  in  Mercury  Vapor  on  the 
Nearness  of  the  Liquid  Surface.     Y.  T.  Yao. 
46.  Mobilities  of  Electrons  in  Hydiogen.     Leonard  B.  Loeb. 
V  »     47.  The  Electron  Emission  from  Thoriated  Tungsten  Filaments.     Irving 
Langmuir. 

48.  The  Removal  of  Thorium  from  the  Surface  of  a  Thoriated  Tungsten 
Filament  by  Bombardment  with  Positive  Ions.  K.  H.  Kingdon  and  Irving 
Langmuir. 

49.  The  Measurement  of  Magnetic  Field  Strength  by  Means  of  Electron 
Tubes.    Albert  W.  Hull. 

50.  A  General  Relation  for  Electron  Emission  from  Metals.     Saul  Dush- 

MAN. 
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51.  The  Secondary  Electron  Emission  from  Nickel.     C.  Davisson  and  C.  H. 

KUNSMAN. 

52.  An  Expeiimental  Method  of  Testing  the  Expressions  for  Longitudinal 
and  Transverse  Masses  of  the  Electron.     L.  T.  Jones  and  W.  C.  Pomeroy. 

53.  Oil  Drop  Experiments  as  Proof  of  the  In  variance  of  Electric  Charge. 
F.  W.  LooMis. 

54.  Study  of  the  Hydrogen  Radiation  in  the  Red  and  the  Infra- Red.  F.  S. 
Brackett. 

55.  The  Voltage-Current  Relation  in  Central  Anode  Photo- Electric  Cells. 
Herbert  E.  Ives  and  Thornton  C.  Fry. 

56.  The  Broadening  of  the  Balmer  Lines  of  Hydrogen  with  Pressure.  E.  O. 
Hulburt. 

57.  Crystal  Structures  of  Vanadium,  Germanium  and  Graphite.  Albert 
W.  Hull. 

58.  The  Diffusion  Coefficient  in  Solids  and  Its  Temperature  Coefficient. 
Saul  Dushman  and  Irving  Langmuir. 

59.  Note  on  the  Cohn-Minkowski  Formula  for  the  Motion  of  an  Insulator 
in  a  Magnetic  Field.     S.  J.  Barnett. 

60.  A  New  Method  for  the  Generation  of  Sound  Waves.  Julius  Hartmann. 
Introduced  by  Hugo  Fricke. 

61.  The  Effect  of  a  Magnetic  Field  on  the  Absorption  of  X-Rays.  Joseph 
A.  Becker.     Introduced  by  F.  K.  Richtmyer. 

62.  Formation  and  Life  of  Metastable  Helium.     Fabian  M.  Kannenstinb. 
The  abstracts  of  papers  in  the  above  program,  with  corresponding  numbers, 

are  given  on  the  following  pages. 

Dayton  C.  Miller, 

Secretary, 

I.   Characteristic  X-Ray  Absorption  in  the  *'L"  Series  for  Elements 

N62  TO  N77. 

By  J.  M.  Cork. 

Using  photographic  method  and  the  Tungsten  emission  lines  as  standard, 
the  wave-length  of  the  three  L  bands  was  determined. 

The  square  root  of  frequency  plotted  with  atomic^  numbers  (combined 
with  measurements  of  other  observers),  give  lines  with  curvature  upward  for 
increasing  atomic  number. 

Combination  of  the  absorption  frequencies  with  that  of  the  emission  lines' 
help  to  determine  the  energy  levels  in  such  modifications  of  the  Bohr-Sommer- 
feld  atom  as  proposed  by  Wentzel  and  Smekal. 

With  such  energy  levels  established  a  uniform  notation  for  emission  lines 
which  would  tell  their  origin,  is  suggested. 
University  of  Michigan. 

1  Hertz.  Z.  far  P..  3.  P-  i9-     Duane,  P.  N.  A.  S.,  6.  p  509.     DeBroglie.  C.  R..  170.  p.  585. 
«  Hjalmar.  Z.  fUr  P.,  7.  P-  34i- 
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2.  Effect  of  Temperature  on  the  X-Rays  Scattered  by  Crystals. 

By  G.  E.  M.  Jauncby. 

According  to  Debye  (Ann.  der  Phys.,  Band  43,  1914,  pp.  47-95)  the  inten- 
sity of  the  x-rays  scattered  by  a  crystal  at  a  given  angle  is  proportional  to 
I  —  e"^,  where  Af  is  a  function  of  the  ratio  of  the  temperature  of  the  crystal 
to  the  characteristic  temperature. 

Applying  Debye*s  formulae  to  calcite,  for  which  A.  H.  Compton  gives  the 
characteristic  temperature  as  910^  K.,  and  assuming  20  as  the  average  atomic 
weight  of  the  atoms  of  the  calcite  molecule,  the  ratio  of  the  intensity  of  the 
scattered  radiation  at  70*  with  the  primary  rays  when  the  temperature  of  the 
crystal  was  565®  K.  to  that  when  the  temperature  was  290®  K.  was  calculated 
on  the  assumption  of  (i)  no  zero- point  energy  (2)  zero-point  energy.  Assuming 
a  wave-length  of  .30  A.U.  the  values  of  the  ratio  are  (i)  2.22  and  (2)  1.32. 

A  calcite  crystal  was  heated  to  the  above  temperatures  and  the  ratio  observed 
was  1.05  with  certainly  an  error  no  more  than  15  per  cent.  The  effective 
wave-length  of  the  rays  was  about  .30  A.U.  It  would  appear  that  Debye's 
theory  is  incorrect.  This  experimental  result  is  supported  to  some  extent  by 
a  theoretical  paper  by  L.  Brilloun  (Ann.  de  Phys.,  Jan.-Feb.,  1922,  p.  88)  in 
which  he  throws  some  doubt  on  the  theory  of  Debye. 

Washington  UmvBRSixY. 
St.  Louis.  Mo.. 
April  6,  1933. 

3.  The  Effect  of  Occluded  Hydrogen  upon  the  Crystalline  Space- 

Lattice  OF  Palladium. 

By  L.  W.  McKbbhan. 

The  crystalline  space-lattice  of  palladium  is  face-centered  cubic,  and  the 
edge  of  the  unit  cube  is  about  3.90  X  io~*  cm.  Hydrogen  is  readily  absorbed 
by  thoroughly  annealed  metal  at  room  temperature  and  atmospheric  pressure, 
and  increases  the  parameters  of  the  space-lattice  by  as  much  as  several  per 
cent.,  without  altering  its  type.  There  is  evidence,  however,  that  the  space- 
lattice  is  locally  distorted  by  the  introduction  of  the  hydrogen  atoms.  Whether 
these  take  the  places  of  palladium  atoms  or  occupy  intermediate  positions 
cannot  as  yet  be  determined  because  of  the  great  differences  in  weight  and 
scattering  power  between  atoms  of  the  two  elements. 
Research  Laboratories. 

Western  Electric  Company. 

4.  X-Ray  Limits  beyond  the  Range  of  Spectroscopic  Measurements. 

By  F.  L.  Mohler  and  Paul  D.  Foote. 

Differences  in  absorption  limits  adequately  explain  all  x-ray  emission  lines 
of  heavy  elements.  The  authors  have  extended  computations  of  limits  to 
light   elements   thus   supplementing   data   obtained    from   critical    potential 
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measurements  below  the  range  of  x-ray  spectroscopy.  It  has  been  shown  before 
that  the  K  series  starts  with  the  ionization  potential  of  helium  and  the  limits 
Li  and  Lj  from  neon.  For  light  elements  we  found  other  L  limits  softer  than 
Li  and  these  too  give  by  combination  K  emission  lines.  Kurth's  measurements 
of  radiation  from  solids  instead  of  gases  indicated  single  L  limits  for  aluminum 
and  silicon  much  higher  than  Li.  These  two  points  fall  on  the  extrapolated 
Li  line.  We  suggest  the  hypothesis  that  radiation  from  outer  L  orbits  is 
suppressed  in  solids  just  as  arc  radiation  is.  For  this  reason  the  emission 
spectra  observed  by  Millikan  may  belong  to  the  Lj  series.  Extrapolation  of 
the  M  series  shows  that  the  ionization  point  of  argon  and  the  softest  x-ray 
limits  of  potassium  and  nickel  as  measured  by  the  authors,  and  of  iron  and 
copper  (as  measured  by  Kurth)  belong  to  the  series  MiMt,  Three  higher 
potentials  measured  by  Kurth  fall  close  to  Mi, 
Bureau  of  Standards. 
April  5.  1922. 

5.   Precision  Measurements  of  the  Alkali  Halides. 

By  Whbelbr  P.  Davby. 

Using  the  method  described  at  the  February  meeting  for  making  precision 
measurements  of  the  x-ray  diffraction  patterns  of  crystals,  the  dimensions  of 
the  halides  of  Cs,  Rb,  K  and  Na  have  been  determined  with  an  accuracy  of 
o.i  per  cent.  The  data  presented  will  be  published  shortly  in  full  in  the 
Physical  Review.     The  data  show  two  interesting  features,     (i)  The  differ- 

ence  in  ''distance  of  nearest  approach**  of  centers  of  Cs  and  Rb  in  the  iodide, 
bromide,  and  chloride  is  constant  to  within  experimental  error.     The  same 

statement  may  be  made  of  Cs  and  K,  but  not  of  Cs  and  Na.     The  difference 

in  "distance  of  nearest  approach**  of  centers  of  I  and  Br  in  the  Cs,  Rb  and  K 
salts  of  these  halogens  is  constant  to  within  experimental  error.     The  same 

statement  may  be  made  of  I  and  CI.  (2)  Since,  in  the  case  of  the  Cs  com- 
pounds, the  "distance  of  nearest  approach**  is  measured  along  the  cube- 
diagonal  of  the  crystal,  and  in  the  case  of  the  Rb  and  K  compounds  it  is 
measured  along  the  cube-edge  of  the  crystal,  it  appears  from  the  constant 

values  obtained  for  (CsI-CsBr),  (Rbl-RbBr)  and  (KI-KBr)  that  I  and  Br 
act  as  though  they  were  spherical  in  shape.     A  similar  statement  can  be  made 

of  CI. 

Research  Laboratory, 

General  Electric  Co.. 
Schenectady.  N.  Y. 
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6.  Total  Reflection  of  X-Rays  from  Glass  and  Silver. 

By  Arthur  P.  Compton. 

If  the  frequency  of  the  radiation  traversing  a  medium  is  considerably 
greater  than  the  natural  frequency  of  vibration  of  any  of  the  component  elec- 
trons, the  index  of  refraction  of  the  medium  should  be  n  =  i  —  N^/2irmp, 
Here  N  is  the  number  of  electrons  per  unit  volume,  e  and  m  have  their  usual 
values,  and  /  is  the  frequency  of  the  radiation.  Since  this  index  is  less  than 
unity,  such  radiation  should  be  totally  reflected  from  a  polished  surface  if  the 
angle  of  incidence  is  greater  than  the  critical  angle. 

Experiments  have  been  performed  which  show  that  regular  reflection  of 
x-rays  does  occur  at  angles  of  a  few  minutes  of  arc  from  polished  surfaces  of 
glass  and  silver,  and  that  except  near  the  critical  angle  the  greater  part  of  the 
incident  energy  is  reflected.  The  critical  angles  for  the  reflection  of  X  =  1.279 
A.U.  from  plate  glass  and  silver  mirrors  have  been  measured,  giving  values 
of  I  —  n  =  5.0  X  io~^  and  20.9  X  io~^  respectively.  Taking  the  number  of 
electrons  per  atom  to  be  the  atomic  number,  the  corresponding  theoretical 
values  are  5.2  and  19.8  X  io~^.     The  agreement  is  thus  quite  satisfactor>'. 

Washington  University, 
Saint  Louis. 
April  5,  1922. 

7.    The  Crystal  Structure  of  Strontium  Selenide. 

By  Mabel  K.  Slattery.     Introduced  by  Edna  Carter. 

SrSe  was  prepared  by  heating  the  selenate  to  a  red  heat  in  a  stream  of 
hydrogen.  Its  x-ray  diffraction  pattern  was  photographed  according  to  the 
powder  method.  The  thirteen  lines  obtained  fit  a  simple  cubic  lattice  with 
rf  =  3.10  A.  Density  measurements  show  the  unit  structure  to  be  a  cube  of 
dimensions  3.10  A.,  the  alternate  corners  being  occupied  by  Sr  and  Se  ions. 
This  structure  is  similar  to  that  of  KCl  and  RbBr. 

Vassar  College, 

poughkeepsie.  n.  v. 

8.   A  New  Method  of  Using  X-Rays  in  Crystal  Analysis. 
By  William  Duane  and  George  L.  Clark. 

In  this  method  either  a  small  crystal  (a  volume  of  .25  cubic  mm.  suffices) 
or  crystal  powder  may  be  employed. 

In  analyzing  a  small  crystal  we  place  it  on  the  axis  of  rotation  of  an  x-ray 
spectrometer,  fix  the  ionization  chamber  at  some  convenient  angle,  2^,  from 
the  zero  line  of  the  instrument  and  send  through  it  a  beam  of  rays  belonging 
to  the  continuous  x-ray  spectrum  (not  the  line  spectra).  We  then  turn  the 
crystal  through  a  series  of  small  angles  and  measure  the  ionization  current  at 
each  step.     When  any  one  of  the  crystal's  principal  planes  makes  the  angle  $ 
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with  the  incident  beam  it  picks  out  the  x-rays  of  wave-length  X,  given  by  the 
equation 

ifX  =  2d  siTiB  (i) 

and  reflects  them  into  the  ionization  chamber,  producing  a  marked  increase 
in  the  current.  The  curves  shown  represent  the  ionization  current  as  a  function 
of  the  angular  position  of  the  crystal  in  an  experiment  with  a  potassium 
iodide  crystal.  The  angular  distances  between  the  sharply  marked  peaks 
on  the  curves  are  the  angles  between  the  respective  reflecting  planes  in  the 
crystal. 

To  get  the  distance  between  successive  planes  in  any  one  set  we  place  the 
crystal  so  that  this  set  of  planes  reflects  the  x-rays  into  the  ionization  chamber 
and  then  reduce  the  voltage  applied  to  the  tube.  When  the  voltage  reaches 
the  value,  7,  given  by  the  equation 

it  no  longer  can  produce  x-rays  of  length  X,  and,  for  the  first  order  spectrum, 
«  =»  I,  practically  vanishes.  The  point  at  which  the  current  vanishes  appears 
to  be  sharply  marked.  The  values  of  V  and  B  substituted  in  equations  (i) 
and  (2)  give  the  required  distance,  d.  The  only  other  quantity  that  enters 
into  the  computations  is  the  universal  constant  hcle  =  12,354,  if  V  is  in  volts 
and  X  in  Angstrbms. 

Our  experiments  with  the  potassium  iodide  crystal  indicate  a  simple  cubic 
structure  (in  agreement  with  Davey  and  Wyckoflf),  the  length  of  the  cube's 
edge  being  3.532  X  io~*  cm.  Assuming  one  atom  of  each  element  to  a  cube 
this  gives  for  the  density  3.1 1 1,  in  close  agreement  with  the  value  measured  by 
Baxter,  3.1 14. 

If  the  crystal  is  in  the  form  of  powder,  we  place  it  at  the  center  of  the  spec- 
trometer, fix  the  ionization  chamber  at  some  angle,  26,  as  above,  and  measure 
the  ionization  current  with  different  voltages  applied  to  the  tube.  The  curve 
representing  the  ionization  current  as  a  function  of  the  voltage  has  breaks 
in  it  at  voltages  corresponding  to  the  vanishing  of  the  x-rays  reflected  by  the 
different  sets  of  crystal  planes.  Equations  (i)  and  (2)  give  the  distance 
between  successive  planes  in  each  set. 
Harvard  University. 

9.  A  Study  of  Secondary  Valence  by  Means  of  X-Rays. 

By  Gborgb  L.  Clark  and  William  Duane. 

The  ability  of  electrically  neutral  molecules  to  combine  with  other  molecules 
capable  of  existing  free,  such  as  inorganic  salts  with  water  to  form  hydrates, 
with  ammonia  to  form  ammines  and  with  molecular  halogens  to  form  poly- 
halides,  is  attributed  to  secondary  valence  forces  residing  in  the  stray  fields  of 
atoms  and  ions.  The  uncertainty  and  confusion  in  this  subject  has  led  to  the 
present  researches.     Numerous  remarkable  relationships  between  the  stabili- 
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ties  of  secondary  valence  complexes  and  the  dimensions  of  the  atoms  and 
molecules  comprising  them  have  been  established  and  will  be  published  in  a 
separate  paper.  The  only  possible  method  of  correlation  of  these  relationships 
and  of  discovering  how  the  complexes  are  formed  and  constituted  is  analysis 
by  means  of  x-rays.  The  first  compound  studied  in  this  way  was  potassium 
tri-iodide,  KI.Ij.  The  crystal  preserved  against  sensible  decomposition  by 
very  special  precautions  was  analyzed  by  the  x-ray  method  described  in  the 
previous  paper.  It  was  found  to  be  centered  cubic,  with  an  iodine  atom  going 
to  the  center  of  each  of  the  original  unit  cubes  of  KI  and  thereby  expanding 
them  from  an  edge  length  of  3.532  to  4.680  X  io~*  cm.  Experimentally 
n  =  p(?/Mol.  Wt.  X  Wt.  H  atom,  where  n  is  the  number  of  molecules  per  unit 
cube,  and  p  the  density,  was  found  to  be  .4986  or  J^.  At  an  angle  of  6®  45' 
the  ionization  current  vanished  at  a  voltage  of  1 1,400.  The  structure  accounts 
for  a  great  many  of  the  properties  of  KI.Ij.  Studies  are  now  in  progress  on 
CsI.Ij  where  Csl  itself  is  centered  cubic  with  a  value  of  d  of  4.562  X  io~*  cm., 
upon  other  polyhalides  and  upon  some  ammines  and  hydrates  beginning  with 
those  of  the  lithium  halides. 
Harvard  Univbrsity. 

10.  The  Scattering  of  X-Rays  at  Small  Angles. 
By  a.  R.  Duane  and  Whxiam  Duanb. 

Many  of  the  experiments  performed  in  this  laboratory  during  the  last  eight 
years  on  the  short  wave-length  limit  of  the  continuous  x-ray  spectrum  show 
that  the  ionization  current  in  the  ionization  chamber  of  an  x-ray  spectrometer 
becomes  exceedingly  small,  when  the  angle  made  by  the  chamber  with  the 
direct  beam  of  rays  has  been  reduced  to  a  value  less  than  that  at  which  the 
crystal  can  reflect  the  rays.  The  experiments  with  crystal  powders  described 
in  the  papers  presented  at  this  meeting  by  G.  L.  Clark  and  one  of  us  show 
the  same  effect.  All  of  these  results  indicate  that  the  amount  of  radiation 
scattered  by  the  reflecting  substance  at  angles  less  than  that  of  reflection 
becomes  very  minute  in  comparison  with  the  reflected  radiation. 

The  object  of  the  research  described  in  this  paper  has  been  to  test  various 
substances  for  this  phenomenon.  We  fix  the  material  to  be  examined  at  the 
center  of  an  x-ray  spectrometer,  and  measure  the  ionization  current  with  the 
chamber  in  different  positions.  The  curves  in  the  slide  shown  give  the  currents 
as  functions  of  the  angles  in  an  experiment  with  a  sheet  of  aluminium.  The 
currents  represent  the  secondary  and  scattered  radiation  from  the  aluminium. 
The  curves  indicate  that  this  radiation  reaches  a  well-defined  maximum  at  an 
angle  of  about  13*  from  the  direction  of  the  primary  beam  of  rays,  and  that, 
as  this  angle  decreases,  the  radiation  also  decreases,  reaching  a  very  small 
value  at  a  sharply  marked  angle  of  9^.7.  Making  corrections  for  the  natural 
leak  of  the  instrument  and  for  stray  radiation  we  find  that  the  radiation  from 
the  aluminium  at  angles  smaller  than  9**. 7  can  not  amount  to  as  much  as  one 
per  cent,  of  that  at  the  maximum. 
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On  the  assumption  that  the  radiation  at  angles  greater  than  9^.7  is  largely 
due  to  reflection  from  the  planes  containing  the  aluminium  atoms  we  can 
calculate  the  maximum  distance  between  these  planes.     The  equation 

-.        he 

gives  us  the  minimum  wave-length,  X,  in  the  x-ray  beam,  and  the  equation 

X  =  2(2  sin  d 

gives  us  the  distance,  (2,  between  the  planes.  A  correction  for  the  widths  of 
the  slits,  amounting  to  o**.8,  has  to  be  added  to  9**.7  in  order  to  get  the  true 
angle.  Substituting  half  of  the  angle  9^.7  +  o®.8  and  the  value  of  the  voltage, 
7,  used  in  the  experiment,  namely  29,350  volts,  in  the  equations,  we  get 
d  =  2.32  Angstroms.  The  greatest  distance  between  the  planes  in  aluminium 
given  by  A.  W.  Hull  is  2.33,  in  close  agreement  with  our  value. 

It  appears  from  this  research  that  the  scattering  from  such  a  substance 
as  aluminium  may  be  treated  as  largely  due  to  reflection  from  planes.  Many 
other  substances  have  been  examined  with  similar  results,*  for  instance  water 
and  wood. 

Harvard  Univbrsity. 

1 1.  Note  on  the  Size  of  the  Electron  as  Determined  by  the  Absorption 
AND  Scattering  of  X-Rays. 

By  F.  K.  Richtmyer. 

J.  J.  Thompson's  expression  for  the  absorption  and  scattering  of  x-rays 

P  P 

has  been  verified  by  the  writer  and  others  down  to  X  =  .09  A.  Extrapolation 
for  aluminum  to  X  =  o  gives  a  value  of  cjp  =  ,15,  some  25  per  cent,  smaller 
than  the  theoretical  value  (Sir/i){e*/m^)n  =  .20  as  derived  by  Thompson. 
Whereas  the  value  of  m/p  ^or  gamma  rays  is  known  to  be  of  the  order  of  .05. 
Accordingly  A.  H.  Compton  modifies  the  above  expression  to 

P  P 

where  <!>/  and  <l>$  are  coefficients  whose  value  depends  on  the  ratio  of  the  wave- 
length of  the  x-rays  to  the  diameter  of  the  (ring)  electron,  which  Compton 
computes  to  be  1.85  X  io~^®  cm. 

*  During  the  progress  of  our  research  a  paper  by  Hewlett  appeared  in  the  March  number 
of  the  Phys.  Rev.,  p.  267.  in  which  he  mentions  having  observed  a  reduction  of  the  radiation 
scattered  from  carbon  at  small  angles.  Furthert  an  interesting  report  on  scattering  of  x-rays 
has  been  sent  to  us  by  Professor  A.  H.  Compton.  in  which  he  suggests  an  explanation  of 
Hewlett's  observation  similar  to  that  we  proposed  for  our  results.  Professor  Compton'g 
report  will  be  published  shortly  by  the  National  Research  Council. 
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Data  on  aluminum,  previously  reported  by  the  writer,  and  more  recently 
by  Duane,  give  values  of  the  mass  absorption  coefficient  which  are  7.5,  25, 
50,  and  90  per  cent,  higher  than  Compton's  computed  values  at  wave-lengths, 
respectively,  of  .20,  .15,  .125,  and  .10  A.,  although  Compton's  formula  and  the 
writer's  data  agree  for  X  >  .30  A.  This  indicates  an  electron  much  smaller 
than  computed  by  Compton. 

Taking  the  scattering  coefficient,  as  determined  by  extrapolation  of  data  over 
the  region  .20  <  X  <  .40  A.,  at  .15,  and  using  Compton's  formula,  an  electron 
of  diameter  i  X  lo"""  cm.  gives  a  scattering  coefficient  of  .057  at  X  =  .005  A. 
Cornell  UNrvBRsrry. 

12.  Short  Electric  Waves. 
By  E.  F.  Nichols  and  J.  D.  Tear. 

Methods  for  the  generation  and  isolation  of  radiation  of  a  few  millimeters 
wave-length  have  been  developed.  The  generator  finally  adopted  is  based 
upon  the  principle  of  the  Hertzen  oscillator.  It  embodies  a  number  of  new 
features  making  possible  the  generation  of  very  short  waves. 

The  receiver  is  the  Nichols  radiometer.  Receiving  elements  of  either  i  /* 
platinum  wire  of  proper  length  for  resonance  with  the  incident  radiation,  or 
of  platinum  films  deposited  by  distillation  upon  thin  mica  are  substituted  for 
the  usual  blackened  radiometer  vanes.  By  proper  choice  and  adjustment  of 
vanes,  the  receiver  may  be  made  either  selective  or  non-selective. 

For  securing  greater  homogeneity,  a  reflecting  echelon  made  of  carefully 
machined  brass  blocks  spaced  at  intervals  of  X/2  was  used  and  found  to  reflect 
selectively.  Two  such  reflecting  echelons  with  steps  at  right  angles  when 
placed  one  after  the  other  in  the  path  of  the  beam  give,  under  suitable  condit- 
ions, a  fair  approximation  to  monochromatic  radiation.  Mountings  for  these 
echelons  have  been  designed  easy  of  adjustment  to  any  desired  spacing. 
Even  one  such  echelon  can  be  made  to  give  an  a  pproximate  analysis  of  the 
incident  radiation. 

At  present  the  shortest  wave-length  isolated  is  1.8  mm.     The  shortest  ob- 
served, but  not  reproducible  at  will,  is  0.8  mm. 
Nbla  Rbssarch  Laboratories, 
Clbvsland.  Ohio, 
March  29.  1922. 

13.  The  Optical  Constants  of  Certain  Liquids  for  Short  Electric 

Waves. 

By  J.  D.  Tear. 

The  coefficients  of  reflection  and  absorption  of  water,  glycerin,  methyl  and 
ethyl  alcohol  for  the  wave>lengths  4,  8,  and  18  mm.  have  been  measured,  and 
the  refractive  indices  computed  by  the  Cauchy-Quincke  formula. 

A  second  measure  of  the  refractive  index  has  been  obtained  in  a  few  cases  by 
measuring  the  reflection  from  a  thin  layer  of  the  liquid  o\'er  a  mercury  surface. 
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As  the  thickness  of  the  layer  is  varied,  the  reflected  energy  passes  through 
maxima  and  minima  giving  a  measure  of  the  wave-length  in  the  liquid. 

The  results  as  obtained  by  the  two  methods  agree  within  the  limits  of 
experimental  error. 

Nbla  Rbsbarch  Laboratories, 
Clbvbland,  Ohio. 
March  29,  1922. 

14.  A  Mechanical  Model  for  Hysteresis. 

By  a.  Press. 

The  model  comprises  a  slider  spring  constrained  with  respect  to  a  frame. 
The  slider  is  frictionally  mounted,  adjustably  upon  the  frame  runway. 
Mounted  on  the  slider  is  a  movable  yoke,  spring  constrained  with  respect  to  the 
slider.  The  motion  of  the  yoke  with  respect  to  the  frame  registers  the  magnetic 
displacement  B  with  respect  to  the  force  H  impressed  on  the  yoke.  The 
stored  energy  in  the  slider  spring  corresponds  to  the  energy  of  /  and  the 
energy  in  the  yoke  spring  that  due  to  H  (for  a  vacuum).  The  frictional  con- 
straint of  the  slider  corresponds  to  the  hysteresis  loss  factor  and  is  proportional 
to  /  and  not  H.  Various  types  of  loops  are  obtained  by  making  the  frictional 
coefficient  a  function  of  the  slider  displacement  by  means  of  wedge-shaped 
surfaces.  Magnetic  saturation  is  simulated  by  affecting  the  displacement 
factor  for  the  slider  springs.  The  model  furnishes  a  complete  analog  of 
mechanical  and  electrical  as  well  as  magnetic  hysteresis. 
Washington.  D.  C. 

15.  The  Variation  of  the  Photoelectric  Current  with  Thickness  of 

Metal. 

By  Otto  Stuhlman.  Jr. 

Silver  and  platinum  deposited  in  the  form  of  transparent  and  semitrans- 
parent  wedges  were  examined  for  variation  of  the  photoelectric  current  as 
thickness  of  the  metal  was  increased.  The  metal  was  deposited  on  quartz 
by  the  evaporation  method  and  examined  when  monochromatic  light  fell  on 
the  metal  side  of  the  plate. 

The  results  are  found  to  be  consistent  with  the  view  that  the  probability  o^ 
an  electron  going  a  given  distance  without  losing  its  ability  to  escape  falls  off 
exponentially  with  the  distance,  when  this  distance  is  less  than  about  40  fifi. 
Up  to  this  thickness  there  is  a  parallelism  between  optical  absorption  and 
photoelectric  emission.  For  large  wave-lengths  this  parallelism  is  more  pro- 
nounced than  for  short  wave-lengths.  For  greater  wave-lengths  optical 
absorption  may  increase  but  photoelectric  emission  decreases  terminating  at 
the  threshold  value  of  photoelectric  sensitivity. 

The  results  seem  to  support  the  view  that  photoelectric  emission  is  probably 
not  caused  by  the  direct  absorption  of  energy  out  of  the  incident  light  beam, 
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the  light  only  acting  as  the  agent  which  sets  the  electron  free  from  its  parent 
atom. 

Thb  Unfversity  of  North  Carolina. 

1 6.    Free  Modes  of  Oscillation  in  Loop  Mrials. 

By  S.  L.  Brown  and  C.  P.  Bonbr. 

Loops  with  the  turns  widely  separated  have  been  investigated  to  ascertain 
their  free  modes  of  oscillation  when  excited  by  a  spark  in  the  loop  circuit,  by 
damped  oscillations  in  a  circuit  loosely  coupled  with  the  loop,  and  by  undamped 
oscillations.  The  results  show  that  a  loop  has  several  free  modes  of  oscillation 
when  excited  by  a  spark  in  the  loop  circuit  and  that  the  higher  modes  have  no 
simple  relation  to  the  lowest  or  fundamental  mode.  The  intensity  of  these 
modes  of  oscillation  may  be  altered  by  adding  capacity  across  the  terminals  of 
the  loop  but  this  capacity  affects  the  frequency  of  the  lowest  or  fundamental 
mode  only,  to  any  appreciable  extent.  When  a  loop  is  excited  by  damped 
oscillations  in  a  nearby  circuit,  it  will  respond  to  several  different  frequencies 
of  the  exciting  current,  but  these  different  resonant  frequencies  are  changed 
by  adding  capacity  across  the  terminals  of  the  loop.  When  the  loop  is  excited 
by  undamped  oscillations  in  a  nearby  circuit,  it  will  respond  to  several  different 
frequencies  of  the  exciting  current,  but  the  intensity  and  frequency  of  the 
several  resonant  oscillations  are  changed  by  adding  capacity  across  the 
terminals  of  the  loop. 
University  of  Texas. 

17.    Improved  Experiments  on  Magnetization  by  Rotation. 

By  S.  J.  Barnett  and  L.  J.  H.  Barnbtt. 

Since  the  report  of  Dec,  1920,  more  than  two  thousand  observations  have 
been  made  on  iron,  steel,  nickel,  cobalt,  and  Heusler  alloy.  To  reduce  errors 
from  speed,  spiral  gears  have  been  substituted  for  belt  and  pulleys.  The 
magnetometer  has  been  improved,  and  has  been  used  altogether  in  four 
different  positions.  Small  stellite  journals,  an  agate  bearing,  and  an  improved 
process  of  demagnetization,  together  with  a  return  to  equatorial  positions  of 
the  magnetometer,  have  been  used  to  reduce  the  error  from  torsion.  To  reduce 
errors  from  eddy  currents,  a  larger  and  better  constructed  frame  has  been 
used  to  compensate  the  main  part  of  the  earth's  magnetic  field;  and  extra  coils, 
in  conjunction  with  variometers,  have  been  installed  to  compensate  the  varia- 
tions. Other  errors  have  been  reduced  or  eliminated.  A  long-suspected 
systematic  error  has  been  found  in  the  191 7  magnetometer  observations,  caus- 
ing the  results  to  differ  considerably  from  those  obtained  by  the  method  of 
electromagnetic  induction  in  1914  and  1 91 5,  now  fully  confirmed.  Rotat- 
ing any  one  of  the  ferromagnetic  substances  named  at  one  revolution  per 
second  is  equivalent  to  placing  it  in  an  axial  magnetic  field  with  intensity 
—  3.5  X  io~^  gauss,  within  10%  or  less.     This  result  would  be  expected  if 
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a  single  type  of  negative  magneton,  with  ratio  of  angular  momentum  to  mag- 
netic moment  equal  to  m/e,  one  half  that  of  a  ring  of  electrons,  were  re- 
sponsible for  ferromagnetism.  Abraham  showed  in  1903  that  a  superficially 
charged  Lorentz  electron  in  rotation  has  the  moment  and  the  momentum 
giving  this  ratio.  If  a  ring  of  electrons  is  chiefly  responsible  for  ferromagnetism, 
positive  magnetons  also  participate.  Important  improvements  are  in  progress. 
Carnbgxb  Institution  of  Washington. 

18.  The  Effect  of  a  Longitudinal  Magnetic  Field  on  the  Mechanical 
Properties  of  a  Vibrating  Nickel  Wire. 

By  C.  V.  Kent  and  B.  J.  Babbitt.     Introduced  by  H.  M.  Randall. 

A  NICKEL  wire  is  set  in  free  longitudinal  vibration  in  a  magnetic  field.  The 
change  of  elastic  modulus  with  field  intensity  (H)  at  various  tensions  is  calcu- 
lated from  change  in  frequency  as  determined  by  the  method  of  Lissajou's 
figures.  The  retraction  is  also  measured.  The  results  agree  well  in  character 
and  magnitude  with  those  of  Honda  and  Terada. 

The  decrement  of  vibration  varies  in  a  remarkable  manner  for  different 
fields  and  tensions. 

For  a  given  tension,  the  changes  in  modulus  and  decrement,  and  the  rate 
of  change  of  retraction,  reach  maximum  values  at  the  same  field  intensity. 
For  different  tensions,  these  maxima  occur  at  nearly  the  same  value  of  magne- 
tization intensity,  but  different  field  intensities. 
University  of  Michigan. 

19,   Theory  of  End-loss  Corrections  and  Their  Application  to  Tungsten 

Filaments  in  Vacuo. 

By  a.  G.  Worthing. 

A  solution  has  been  obtained  for  the  differential  equation  giving  the  tem- 
perature distribution  in  an  electrically  heated,  uniform,  cylindrical  filament  in 
vacuo  near  a  cooling  lead  or  support,  which  is  applicable  to  both  long  and  short 
filaments. 

For  long  filaments  those  in  which  the  cooling  effect  at  any  point  depends  on 
a  single  lead  or  support,  it  is  found  that,  when  temperatures  are  expressed  in 
terms  of  the  maximum  central  temperature  and  distances  in  terms  of  what 
might  be  called  a  reduced  unit  of  length,  a  single  curve  suffices  for  any  tem- 
perature distribution.  The  same  is  approximately  true  for  resistivity,  lumi- 
nosity, thermionic  emission,  etc.     Total  corrections  are  similarly  related. 

For  short  filament,  those  in  which  the  cooling  effect  at  any  point  depends 
on  two  leads  or  supports,  it  is  found  that  similar  relations  hold  for  filaments 
with  equivalent  lengths. 

For  filaments  having  different  cross  sections,  e.g.,  ribbon  or  wire,  it  is  found 
that  equivalent  filaments — those  operating  at  the  same  temperature  and  wat- 
tage on  the  same  voltage — suffer  equal  end-losses. 
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All  three  conclusions  have  been  verified  experimentally  to  within  the 
uncertainties  of  measurement. 

NsLA  Rbsb\rch  Laboratories. 
Clsvsland.  Ohio. 
April,  1922. 

20.  Effect  of  the  Current  Distortion  by  Long  Lines  on  the  Operation 

OF  Recording  Relays. 

By  Carl  Kinsley. 

The  arrival  curve  of  a  current  impulse  is  distorted  by  a  long  line.  It  is 
seen  from  the  Braun  tube  oscillograph  shown  that  a  recording  device  with  any 
lost  motion  will  give  very  inaccurate  results.  Extensive  experiments  by  J. 
Zelisco  have  shown  that  with  the  principal  relays  in  service  a  time  interval 
of  0.002  to  0.005  second  is  needed  to  set  the  relay  tongue  into  motion  and  from 
0.004  to  0.006  second  is  then  used  before  the  record  is  made. 

A  relay  which  can  be  fitted  to  the  circuit  in  which  it  is  to  be  employed,  which 
in  use  has  satisfied  all  the  requirements  yet  imposed  and  which  makes  an 
autographic  record  of  its  operations,  has  been  recently  developed  and  can  be 
briefly  described. 

A  schematic  drawing  shows  the  essential  details.  The  tongue  is  composed 
of  a  stiff  spring  with  a  soft  iron  armature  on  its  end.  The  natural  period  can 
be  made  as  high  as  desired  and  should  be  considerably  above  that  of  the  succes- 
sion of  impulses  whose  record  is  sought.  The  tongue  is  permanently  magne- 
tized— by  a  magnet  or  local  current — and  is  normally  held  in  a  distorted 
position.  The  line  impulse  releases  the  tongue,  with  no  time  loss,  and  the 
record  is  made  at  an  interval  after  the  release,  which  can  be  exactly  determined 
by  computation  as  is  shown  by  the  graph  giving  frequency  tests.  The  local 
circuit  is  closed  through  a  moving  chemicall  y  prepared  paper  strip  wjiich  records 
the  instant  of  contact,  the  time  of  which  can  be  determined  by  a  clock  record 
made  on  the  same  strip.  In  the  illustration  the  records  of  two  such  relays 
are  given  when  operating  at  a  speed  of  0.005  second  between  strokes.  No 
variation  in  operation  within  o.oooi  second  is  found  on  the  record. 

CcntNBLL  UNIVERSrrY. 

March  30,  1922. 

21.  The  Calculation  of  the  Capacity  of  Antennas. 

By  Frederick  W.  Grovbr. 

Formulas  have  long  been  available  for  the  calculation  of  the  capacity  of 
wires,  where  the  length  is  very  great  compared  with  the  radius  of  cross  section 
and  the  distance  between  the  axes.  These  conditions  are  not  satisfied  in  the 
case  of  systems  of  wires  such  as  are  used  for  antennas.  It  is  necessary  in  such 
cases  to  take  into  account  the  variation  of  the  charge  density  along  the  wire 
resulting  from  finite  length. 
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Formulas  applicable  to  such  systems  have  been  published  in  recent  years  by 
Howe  and  Cohen.  The  former  obtains  the  capacity  by  calculating  the  poten- 
tial of  the  charge  under  certain  assumptions  as  to  the  effect  of  the  variation  of 
the  charge  density;  the  latter  makes  use  of  the  reciprocal  relation  between  the 
linear  inductance  and  capacity  of  the  wires  and  formulas  for  the  joint  induc- 
tance of  parallel  circuits.  Howe  has  pointed  out  the  considerable  differences 
between  the  values  given  by  the  two  methods. 

The  present  paper  shows  that  the  disagreement  of  the  methods  is  only  ap- 
parent and  disappears  if  accurate  inductance  formulas  are  used.  Simplified 
formulas  are  also  obtained  for  calculating  the  capacity  of  a  number  of  important 
arrangements  of  wires,  including  multiple  systems,  and  tables  are  given  which 
enable  numerical  results  to  be  obtained  with  a  minimum  of  labor. 

Union  Collbge. 

Schenectady.  N.  Y. 

22.   Direct  Capacity  Measurement. 

By  George  A.  Campbell. 

The  direct  capacities  of  an  electrical  system  with  given  accessible  terminals 
are  defined  as  the  capacities  which,  connected  across  the  terminals  in  pairs, 
will  be  the  exact  equivalent  of  the  system  in  its  external  reaction  upon  any 
other  electrical  system  with  which  it  is  associated  only  by  conductive  connec- 
tions through  the  accessible  terminals.  Direct  capacities  are  thus  Maxwell's 
"coefficients  of  induction,**  with  sign  reversed,  but  they  have  the  advantage 
of  invoking  the  picture  of  a  concrete  network  of  condensers  which  is  a  realizable 
equivalent  of  the  given  electrical  system.  Direct  conductances,  admittances 
and  impedances  are  defined  in  a  similar  manner.  An  individual  direct  ca- 
pacity, the  magnitude  of  which  is  required,  cannot  be  removed  and  isolated 
from  the  other  direct  capacities  in  its  own  electrical  system,  but  must  be 
measured  while  still  connected  to  them.  Methods  of  measurements  have, 
however,  been  devised  which  give  a  direct  reading  of  the  individual  direct 
capacity.  Of  these  methods,  the  one  found  to  be  most  accurate,  convenient 
and  generally  useful  is  a  substitution  method  involving  a  particular  connection 
of  the  terminals  of  the  electrical  system  to  the  corners  of  an  alternating  current 
bridge  containing  variable  capacity  and  conductance  or  their  equivalent. 
American  Telephone  and  Telegraph  Company. 

23.   The  Complete  Scale  of  Color  Temperature  and  Its  Application  to 
THE  Color  Grading  of  Daylight  and  Artificial  Illuminants. 

By  Irwin  G.  Priest. 

The  scale  of  color  temperature  has  been  proposed  by  Hyde  and  his  associates 
as  a  suitable  scale  for  the  color  grading  of  illuminants,  and  considerable  data 
on  the  color  temperatures  of  artificial  illuminants  have  been  published.^     The 

*  Hyde  and  Forsythe.  J.  Frank.  Inst.,  i8j,  pp.  353-354;  191 7.     Hyde,  Forsythe  and  Cady, 
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experimental  methods  used  by  Hyde  and  his  associates  for  the  determination 
of  color  temperatures  have  been  restricted  to  temperatures  below  about 
3200*  K.,  i.e.,  below  the  temperature  of  the  arc  and  far  below  the  various 
phases  of  daylight. 

The  purposes  of  the  present  work  have  been  to  devise  means  for  the  color 
grading  of  daylight  and  artificial  daylight  as  well  as  artificial  illuminants  in 
terms  of  color  temperature  and  to  establish  a  color-temperature  scale  from  the 
color  of  the  Hefner  lamp  to  that  of  the  blue  sky  (1880''  to  24,000®  K.). 

Using  the  method  of  rotatory  dispersion,^  it  has  been  found  possible  to  deter- 
mine the  apparent  color  temperature  of  the  various  phases  of  daylight.  It  has 
been  noticed,  however,  that  the  spectral  center  of  gravity  of  light  is  a  more 
suitable  scale  than  temperature,  since  on  it  equal  intervals  indicate  approxi- 
mately the  same  color  difference  at  all  points  on  the  scale,  which  is  very  far 
from  true  on  a  temperature  scale. 

The  method  is  described,  its  sensibility,  precision  and  accuracy  are  discussed, 
and  experimental  data  on  the  apparent  color  temperature  of  daylight  together 
with  a  diagram  of  the  scale  are  given  in  a  paper  now  in  course  of  preparation.* 

National  Bureau  of  Standards, 
April  I,  1933. 

24.  A  Simple  and  Accurate  Method  for  Determining  Surface  Tension 
AND  Density  of  Molten  Glass. 

By  Edward  W.  Washburn. 

Surface  Tension. — The  glass  is  contained  in  an  electrically  heated  porcelain 
pot  about  9  cm.  in  diameter  and  15  cm.  high  provided  with  an  electrically 
heated  cover,  in  the  center  of  which  is  a  hole  through  which  passes  a  platinum 
wire,  on  the  lower  end  of  which,  just  above  the  surface  of  the  glass,  hangs  a 
platinum  cylinder  4  cm.  in  diameter  by  4  cm.  high.  The  weight  of  the  cylinder 
is  borne  by  a  sensitive  coiled  spring.  The  level  of  the  lower  end  of  the  spring 
is  read  with  a  cathetometer  and  the  furnace  and  pot  are  then  gradually  raised 
until  the  surface  of  the  glass  makes  contact  with  the  platinum  cylinder  and  a 
second  reading  is  taken  with  the  cathetometer.  The  platinum  cylinder  is  then 
pushed  below  the  surface  a  short  distance  and  allowed  to  rise  to  its  equilibrium 
position.  By  this  procedure  the  equilibrium  position  is  found  to  be  the  same 
for  the  two  directions  of  approach  as  closely  as  can  be  determined  with  a 
cathetometer.  The  platinum  cylinder  is  standardized  before  and  after  each 
determination  by  similar  measurements  with  liquids  of  known  surface  tension. 

Density. — The  density  of  molten  glass  is  determined  with  the  same  apparatus,. 

Phys.  Rev.  (3).  10,  pp.  395-41 1;  191 7-  Forsythe,  Phys.  Rev.  (3),  18,  p.  147;  1921.  Hyde 
and  Forsythe.  Trans.  I.  E.  S..  16,  pp.  419-427;  1931.  Kingsbury,  J.  Frank.  Inst..  183,  pp. 
781-782;  I9I7. 

»  Cf.  Priest,  J.  Op.  Soc.  Am..  5.  pp.  178-183;  1931.  B.  S.  Sci.  Papers,  No.  417;  1921. 
J.  Op.  Soc.  Am.,  Jan.,  1922. 

«  "The  Color  Grading  of  Daylight  and  Artificial  Daylight  in  Terms  of  Color  Temperature 
by  the  Method  of  Rotatory  Dispersion,"  Sci.  Pap.,  Bureau  of  Standards. 
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but  with  a  platinum  sphere  substituted  in  place  of  the  platinum  cylinder.  The 
largest  source  of  error  in  the  measurements  is  that  arising  from  the  variability 
of  the  temperature. 

Results, — The  results  show  that  the  surface  tension  of  the  soda-lime-silica 
glasses  between  1200®  and  1450*  C.  is  of  the  order  of  magnitude  of  150  dyne/cm. 
University  op  Illinois. 

25.   New  Proof  of  the  Specular  Reflection  of  Molecules. 

By  R.  a.  Millikan  and  Karl  S.  Van  Dykb. 

The  results  obtained  by  one  of  the  authors  in  previous  studies  by  the  oil- 
drop  method  have  now  been  fully  confirmed  by  measurements  made  on  the 
coefficient  of  slip  by  the  constant-deflection  method  using  gases  at  low  pres- 
sures enclosed  between  concentric  cylinders,  one  of  which  is  rotated  at  constant 
speed.  The  fraction  of  the  impinging  molecules  which  are  specularly  reflected 
and  the  fraction  diffusely  reflected  are  determined  for  different  gases  and 
different  surfaces  and  the  results  found  in  complete  agreement  with  the  results 
previously  found  by  the  oil-drop  method. 
California  Institutb  of  Technology. 

26.   Radial  Flow  in  Rotating  Liquids. 

By  Harold  Mottsmith  and  Irving  Langmuir. 

Zocher  has  observed  that  when  a  colloidal  solution  of  vanadium  pentoxide 
in  a  beaker  is  given  a  rotary  motion  and  examined  vertically  between  crossed 
nicols,  a  dark  cross  appears  whose  arms,  however,  are  not  parallel  and  per- 
pendicular to  the  plane  of  polarization,  but  are  displaced  10^  to  20^  backward 
against  the  direction  of  rotation.  It  is  now  shown  that  this  hitherto  unex- 
plained displacement  is  due  to  a  radial  component  of  flow  arising  from  un- 
balanced centrifugal  forces.  The  liquid  near  the  bottom  moves  slowly  because 
of  viscosity.  The  more  rapid  rotation  of  the  free  surface  causes  an  outward 
flow  at  the  top  and  corresponding  inward  flow  at  the  bottom.  Because  of  the 
greater  shearing  stress  at  the  bottom  the  double  refraction  due  to  the  inward 
radial  flow  predominates  and  causes  the  observed  shifting  of  the  cross.  A 
striking  demonstration  of  the  radial  flow  is  also  furnished  by  the  settling  of  a 
precipitate  from  a  liquid  in  a  beaker.  If  the  solution  is  rotated  in  a  stationary 
beaker  the  precipitate  settles  in  the  center,  but  if  the  beaker  containing  a 
quiescent  liquid  is  suddenly  set  into  steady  rotation  the  precipitate  settles 
near  the  outer  walls. 

Research  Laboratory.  General  Electric  Co.,  Schenectady,  N.  Y. 

27.   Noises  in  Stressed  Metals. 

By  Barry  MacNutt  and  A.  Concilio. 

A  sensitive  microphone  was  attached  to  test  specimens  of  Sb,  Bi,  Cd,  Sn, 
Zn,  and  steel.     The  specimens  were  stressed  in  a  testing  machine  and  the 
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loads  at  which  noises  were  heard  noted.     The  load  at  which  the  first  noise 
was  heard  was  quite  constant  for  a  given  material  and  occurred  in  the  neighbor- 
hood of  the  yield  point. 
Lbhigh  Univsrsity. 

28.  The  Simple  Rigidity  of  a  Drawn  Tungsten  Wire  at  Incandescent 

Temperatures. 

By  William  Schribvbr. 

The  simple  rigidity  of  a  lo-mil  drawn  tungsten  wire  was  determined  at 
temperatures  between  1000®  and  2000**  K.  A  static  method  was  employed. 
By  applying  the  same  torque  to  both  a  short  length  and  a  long  length  of  wire 
— middle  portions  of  both  lengths  at  the  same  temperature — it  was  possible  to 
get  the  angle  of  twist  of  a  section  of  the  wire,  all  of  which  was  at  a  uniform 
temperature.  The  torque  necessary  to  produce  the  twist  in  the  heated  wire 
was  measured  by  the  twist  in  a  fine  cold  tungsten  wire  of  known  constants. 
The  temperatures  were  measured  by  means  of  an  optical  pyrometer  of  the 
Morse  type;  corrections  were  made  for  the  absorption  of  the  evacuated  glass 
tube  which  enclosed  the  wire. 

The  modulus  of  simple  rigidity  for  an  equiaxed  wire  was  found  to  be 
21.7  X  10"  dynes/cm.*  at  1000**  K.  and  only  3.1  X  10^^  dynes/cm.*  at  2000**  K. 
There  was  a  relatively  small  decrease  in  the  rigidity  modulus  between  room- 
temperature  and  1 100®  K.  At  a  temperature  (1600**  K.)  where  the  rigidity 
of  tungsten  was  equal  to  that  of  steel  at  room  temperature,  the  elastic  limit 
of  the  tungsten  was,  relatively,  extremely  small. 

Jeffries'  *  work  on  the  change  of  crystal  structure  of  tungsten  wire  by 
heat-treatments  at  various  temperatures  makes  it  possible  to  draw  the  following 
conclusions  from  the  temperature-rigidity  curves  of  the  lO-mil  tungsten  wire: 

1.  The  rigidity  of  an  equiaxed  tungsten  wire  is  greater  than  that  of  a  freshly 
drawn  wire,  both  measurements  being  made  at  the  same  temperature. 

2.  Heat  treatment  in  the  grain-growth  region  causes  an  increase  of  rigidity 
at  temperatures  between  300  and  2000**  K.,  and  probably  at  all  temperatures. 
Increase  in  grain-size  causes  an  increase  in  the  rigidity  modulus. 

Moduli  of  rigidity,  as  given  in  tables  of  physical  constants,  have,  in  general, 
been  obtained  from  angles  of  twist  which  were  not  great  enough  to  cause  the 
elastic  limit  of  the  material  to  be  passed.  In  the  writer's  research,  the  angles 
of  twist  were  less  than  o.io  degree  per  centimeter  length  of  hot  wire  and  yet, 
at  the  higher  temperatures,  this  was  considerably  beyond  the  elastic  limit. 
The  readings  of  the  angles  of  twist  were  made  so  quickly  that  the  results  calcu- 
lated from  them  are  very  similar  to  those  which  would  have  been  obtained 
if  a  torsion  pendulum  of  a  very  small  period  had  been  used.  It  is  suggested 
that  the  moduli  of  rigidity  calculated  from  such  observations  be  called  moduli 
of  ''Instantaneous  Rigidity." 

Physical  Laboratory. 

Statb  University  of  Iowa, 
July,  1921. 
»  "The  Metallography  of  Tungsten,"  Trans.  Am.  Inst.  Mining  Eng.,  pp.  1037-1092,  1918. 
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29.  The  Reversible   Inductivity  of  Rochelle  Salt  under   High  Fre- 

quency Fields. 

By  John  G.  Frayne. 

Reversible  inductivity  K  is  defined  as  A£  =  o(-  AD/AE),  D  being  the 
induction  and  E  the  electric  field  in  the  dielectric.  A  plate  of  the  crystal 
cut  with  its  faces  perpendicular  to  the  axis  of  greatest  piezo-electric  activity 
was  used  as  the  dielectric  of  a  condenser.  The  capacity  was  determined  by  a 
resonance  method  using  a  field  of  two  million  cycles  per  second  as  the  exciting 
source.  The  value  of  K  is  about  one  tenth  the  dielectric  constant  as  measured 
by  D.C.  methods.     The  variation  of  K  with  temperature  was  obtained  between 

—  80**  C.  and  +  50®  C.     It  increases  from   —  80**  C.  up  to  a  maximum  of 

—  20®  C,  then  decreases  to  a  minimum  about  4**  C,  and  increases  again  to  a 
maximum  at  23®  C,  and  then  decreases  until  the  melting  temperature 
is  reached.  The  concave  region  of  the  curve  coincides  with  the  range  of  greatest 
piezo-electric  activity.  The  dielectric  constant  as  measured  at  D.C.  varies 
in  the  opposite  manner  between  —  20®  and  +  23**  C. 

The  quantity  K  was  measured  for  different  states  of  polarization  of  the 
crystal.  The  high  frequency  e.m.f.  was  superimposed  on  the  D.C.  field. 
Different  samples  of  the  crystal  used  showed  permanent  polarization  effects. 
The  crystal  became  conducting  and  the  capacity  infinite  for  smaller  field 
strength  in  one  direction  than  in  the  other. 
UNTVERsrrY  OF  Minnesota. 

30.  Reciprocal  Diffraction  Relations  between  Circular  and  Ellip- 

tical Plates. 

By  John  Coulson  and    G.  G.  Becknbll. 

Since  the  time  of  Poisson  and  Arago  it  has  been  a  well-known  phenomenon 
in  light  that,  in  the  case  of  a  point  source,  a  bright  circular  spot  exists  at  the 
center  of  the  geometrical  shadow  of  a  disc  placed  perpendicular  to  the  wave 
normal.  But  attention  seemingly  has  not  been  called  to  the  succession  of 
diffraction  patterns  appearing  in  the  shadow  when  the  disc  is  rotated  about 
an  axis  in  it's  own  plane,  nor  to  the  reciprocal  figures  produced  by  ellipses. 

A  series  of  photographs  made  by  a  disc  inclined  at  angles  varying  from  o* 
to  60**  have  been  prepared.  These  illustrate  the  gradual  change  from  the 
circular  spot  into  an  upright  cross  and  thence  into  a  series  of  broadening  dia- 
mond-like figures  with  concave  sides. 

At  any  particular  inclination  of  the  circle  an  apparently  identical  figure  may 
be  produced  by  a  thin  ellipse,  whose  minor  axis  equals  the  diameter  of  the  disc, 
cut  from  a  circular  cylinder  at  the  same  angle  of  inclination  and  placed  per- 
pendicular to  the  wave  normal.  An  ellipse  similarly  cut,  but  with  its  major 
axis  equal  to  the  diameter  of  the  disc,  produces  a  contracted  figure  of  the 
same  shape.  When  an  ellipse  is  rotated  till  its  shadow  is  a  circle  the  Arago 
spot  is  produced  at  its  center. 
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The  typically  quadrantal  character  of  the  diffraction  figure  has  drawn 
attention  to  the  fact  that  each  quarter  of  it  is  due  to  light  from  a  particular 
quadrant  of  the  circular  disc  or  ellipse.  This  is  analyzed  in  a  number  of 
photographs  shown  in  the  paper  in  which  light  is  excluded  from  certain  portions 
of  the  edges  of  these  discs. 

These  figures  have  been  found  to  be  the  evolutes  of  the  corresponding 
geometrical  shadows. 

University  of  Pittsburgh, 
Pittsburgh,  Pa. 

31.  A  Flow  Calorimeter  for  Measuring  the  Heat  Capacity  of  Gases. 
By  H.  F.  Stimson.  T.  S.  Sligh,  and  N.  S.  Osbornb. 

This  instrument,  though  intended  primarily  for  ammonia,  is  designed  to 
measure  the  heat  capacity  of  gases  at  pressures  up  to  75  atmospheres  and  tem- 
peratures below  150**  C.  The  design  is  based  on  a  well-known  principle  which 
has  been,  used  by  numerous  experimenters.  The  method  is  to  observe  the 
temperature  rise  produced  by  measured  electric  power  in  a  steady  stream  of 
gas  traversing  the  instrument  at  a  measured  rate. 

Certain  refinements  have  been  attempted  with  the  object  of  limiting  size 
and  heat  capacity,  securing  thermal  sensitivity,  minimizing  thermal  leakage, 
and  controlling  experimental  conditions  which  affect  steadiness.  Accessory 
apparatus  includes  stirred  thermoregulated  liquid  baths,  automatic  pressure 
regulator,  orifice  flow-controller,  pressure  manometers,  vacuum  pumps,  etc. 

The  calorimeter  has  been  used  for  measurements  on  ammonia  at  tempera- 
tures from  —  15®  C.  to  +  150**  C.  and  at  pressures  from  0.5  atmosphere  to 
20  atmospheres.  Measurements  have  been  made  with  rates  of  gas  flow  ranging 
from  0.3  gm./min.  to  3  gms./min.,  power  input  from  o.i  watt  to  i  watt,  and 
temperature  rises  from  4®  C.  to  50**  C.  Measurements  can  usually  be  begun 
within  an  hour  after  starting  the  gas  flow.  Over  75  measurements  of  Cp  of 
superheated  ammonia  vapor  in  the  above  range  with  various  flows  and  tem- 
perature rises  indicate  an  order  of  precision  of  o.i  per  cent. 

Bureau  of  Standards, 
April  4,  1922. 

32.   Elastic  Constants  of  Rods  at  High  Frequencies. 

By  w.  G.  Cady. 

In  previous  papers  a  method  of  setting  a  metallic  rod  into  high-frequency 
longitudinal  vibration  has  been  described,  the  driving  force  being  derived 
from  small  plates  of  a  piezo-electric  crystal  cemented  to  the  sides  of  the  rod 
at  its  center.  A  high-frequency  alternating  electric  field  is  impressed  upon  the 
crystal  plates  by  means  of  an  oscillating  triode,  causing  alternating  mechanical 
stresses  which  in  turn  are  transmitted  to  the  rod.  In  the  present  investigation 
this  method  is  applied  to  the  determination  of  Young's  modulus  for  various 
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metals  and  for  glass,  at  frequencies  from  15,000  to  100,000,  and  for  quartz, 
in  a  direction  perpendicular  to  the  optic  and  electric  axes,  at  frequencies  from 
100,000  to  2,000,000. 

By  applying  the  theory  of  longitudinal  vibrations  in  rods*  to  data  obtained 
with  the  above-mentioned  resonators  by  means  of  a  sensitive  thermo-element, 
it  has  been  possible  to  obtain  provisioijal  values  for  the  coefficients  of  viscosity 
of  different  substances  at  high  frequency,  and  to  study  the  dependence  of 
coefficient  of  viscosity  upon  frequency. 

WbSLBYAN  UNrVBRSITY. 

MiDDLBTOWN,    CONN., 

March  5,  1922. 

33.  The  Influence  of  the  Surface  Tension  on  the  Efflux  of  a  Liquid 

IN  Jet-form. 

By  Julujs  Hartmann.  Dr.Tbch.    Introduced  by  Hugo  Fricke. 

Because  of  the  influence  of  the  surface  tension,  the  velocity  of  a  liquid  jet 
is  modified  from  that  found  by  Torricelli's  law,  and  is  given  by  the  expression 


^ -  Mb -h- '-§]"■ 


where  V  =  the  velocity  =  the  volume  of  the  outflowing  liquid  per  second, 
d  =  the  diameter  of  the  jet, 
k  =  the  co-efficient  of  contraction  of  the  jet, 
h  —  head, 

p  =«  specific  gravity  of  liquid, 
c  =  capillary  constant. 

An  experimental  arrangement  for  the  verification  of  this  formula  has  been 
made  and  the  above  forfnula  is  found  to  hold  good  for  mercury  and  for  water. 
The  method  furnishes  a  means  of  accurately  measuring  the  capillary  constant. 
The  values  found  have  been: 

Water      C  =»    74.0  dynes/cm.  at  10**  C. 
Mercury  C  =»  536.0  dynes/cm.  at  16**  C. 
Thb  Royal  Technical  College. 
Copenhagen. 

34.   A  Study  of  the  Luminous  Discharge  in  Hydrogen  and  in  Mercury 
AND  A  New  Method  of  Measuring  Ionization  Potentials. 

By  George  E.  Gibson  and  W.  Albert  Noyes.  Jr. 

The  luminous  discharge  in  mercury  and  in  hydrogen  at  various  pressures 

was  studied  in  tubes  of  various  dimensions  using  heated  tungsten  cathodes. 

If  the  discharge  is  started  in  such  a  tube  and  the  potential  between  anode 

»  Phys.  Rev.,  to,  p.  i.  1922. 
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and  cathode  is  then  diminished,  the  discharge  disappears  suddenly  at  a  voltage 
which  is  reproducible,  provided  the  temperature  of  the  cathode  is  sufficiently 
high.  The  value  of  this  disappearance  e.m.f.  was  found  in  hydrogen  to  be 
nearly  a  linear  function  of  the  pressure  at  high  pressures.  When  the  pressure 
is  diminished  below  a  certain  value,  depending  upon  the  dimensions  of  the 
tube,  the  linear  relationship  between  ^  and  p  ceases  to  hold,  E  diminishing 
less  rapidly  with  the  pressure  and  coming  to  a  minimum,  Emin.,  at  a  value  of  p 
depending  upon  the  dimensions  of  the  tube. 

If  the  length  between  anode  and  cathode  is  gradually  increased  in  a  tube  of 
given  diameter,  £min.  remains  nearly  constant  at  the  ionization  voltage, 
(30.8  for  hydrogen  and  10.6  for  mercury)  until  at  a  limiting  value  of  the 
length  £inin.  rises  abruptly  to  twice  the  ionization  voltage,  remains  constant 
at  this  value  over  a  further  range  of  length,  then  rises  abruptly  to  three  times 
the  ionization  voltage  and  so  on. 
University  of  California. 

35.  Excitation  of  the  Spectra  of  Hydrogen  and  of  Nitrogen  in  "Low 

Voltage  Arcs. 

By  O.  S.  Duffendack. 

Hydrogen, — In  a  two-element  tube  the  lines  and  bands  appeared  with  the 
arc,  but  the  bands  did  not  appear  when  the  gas  was  dissociated  in  the  tungsten 
furnace.  This  is  additional  evidence  that  the  lines  are  due  to  the  atom  and  the 
bands  to  the  molecule. 

Nitrogen, — The  first  positive  bands  appeared  with  the  arc  and  increased  in 
intensity  with  the  voltage.  The  second  positive  bands  appeared  with  the  arc 
and  decreased  in  intensity  with  increased  voltage.  At  potentials  above  70 
volts  the  arc  turned  into  a  brilliant  "flare"  with  enormously  increased  con- 
ductivity. The  second  positive  bands  appeared  along  with  the  spectrum  of 
tungsten.  This  was  explained  on  the  basis  of  the  formation  of  "active" 
nitrogen.  The  negative  bands  appeared  a  volt  or  two  above  the  ionizing 
potential  and  increased  markedly  in  intensity.  Three  bands  not  previously 
reported  were  observed  at  5075,  5018,  and  4961  A:  Only  four  lines  were 
observed,  5003,  5006,  5667,  and  5680,  and  these  never  below  70  volts.  The 
probability  that  these  are  enhanced  lines  was  discussed. 

It  was  concluded  that  the  positive  bands  are  due  to  the  neutral  molecule, 
the  negative  bands  to  the  ionized  molecule,  and  the  lines  to  the  atom;    and 
that  the  molecule  is  ionized  without  dissociation. 
Princeton  University. 

36.  The   Relative   Intensities   of  Stark   Effect   Components  in  the 

Helium  Spectrum. 

By  John  Stuart  Foster. 

A  modified  Lo  Surdo  tube  was  used  with  its  axis  perpendicular  to  the  slit.  The 
Stark  effect  components  were  separate  and  parallel. 
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The  relative  intensities  of  the  p  and  of  the  s  components  of  He  4922,  4472,  and 
4388  in  an  electric  field  of  IS, 000  v. /cm,  were  measured  by  means  of  a  neutral 
wedge.  The  p  and  s  components  in  turn  illuminated  the  slit  of  a  large  glass 
spectrograph.  Energy  distribution  curves  were  calculated  from  the  contour 
of  the  images  and  the  corresponding  wedge  densities.  The  gas  pressure  was 
2.8  mm.;  the  voltage  on  the  tube  6000  v.;  the  current  3  mil.  amps.;  and  the 
plates  were  exposed  for  8  hours.  The  results  for  the  main  p  components  follow 
in  order  of  increasing  wave-length:  for  the  line  4388,  8.2,^  4.1,  19.2,  28.0; 
for  4472,  168,  694;  for  4922,  9.7,  31.6.  Corresponding  results  for  the  s 
components  are:  for  4388,  1.0/  3.0,  1 1.3,  9-5;  for  4472,  76,  464;  for  4922, 
6.2,  21.4. 

At  present  the  method  is  limited  in  its  usefulness  by  the  appreciable  pitting  of 
the  cathode,  which  occurs  during  long  exposures.  The  investigation  is  being 
-continued. 

Yale  University. 

37.   Cathodolyminescence  of  Heated  Alumina. 
By  D.  T.  Wilber. 

It  is  found  that  ordinary  powdered  alumina  built  up  into  a  fritted  cone  in 
the  oxyhydrogen  burner,  when  freshly  prepared,  shows  colored  bands  under 
cathode  rays.  The  individual  spectra  causing  these  are  the  red  ruby  lines, 
a  green,  a  blue  and  an  orange  band.  The  ruby  bands  are  due  to  alumina  with 
minute  traces  of  chromium,  for  a  cleW  white  synthetic  sapphire  showed  a 
brilliant  red  cathodoluminescence.  A  mixture  of  alumina  and  magnesia  in 
molecular  proportions  with  one  per  cent,  of  manganese  gave  a  brilliant  green 
band.  Alumina  and  lime  with  manganese  as  active  metal  gave  a  broad  band 
in  the  yellow  and  green.  Alumina  and  lime  with  copper  gave  a  band  in  the 
blue. 

The  layers  of  color  on  the  cone  seem  to  be  due  to  the  fact  that  the  various 
colors  come  out  at  various  temperatures  and  are  destroyed  at  other  higher 
temperatures.  The  green  develops  at  the  lowest  temperature  about  900®  and 
disappears  at  about  1300**  C.  The  ruby  red  appears  soon  after  the  green  and 
persists  through  melting.  The  blue  appears  near  the  melting-point.  These 
eflfects  are  much  reduced  if  the  material  is  completely  fused. 
Cornell  University. 

38.   Radiation  from  Oxides.     I.  Emissive  Power  of  Zirconium   Oxide. 

By  W.  E.  Forsyth b. 

The  emissive  power  of  zirconium  oxide  for  red  radiation  (X  =  .665  /x)  bas 
been  measured  by  two  methods.  The  first  consisted  of  heating  on  a  platinum 
strip  a  small  piece  of  the  oxide,  which  had  been  baked  at  a  temperature  of 
about  1800**  K.  and  measuring  the  relative  brightness  of  the  oxide  and  the 

*  "Isolated." 
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platinum  strip.  From  these  measurements  both  the  temperature  and  emissive 
power  can  be  calculated. 

The  second  method  consisted  in  pressing  the  oxide  in  the  form  of  hollow 
glowers  and  then  making  a  small  radial  hole,  from  which  the  true  temperature 
could  be  determined.  This  is  the  method  used  by  A.  G.  Worthing  of  this 
laboratory  in  determining  the  emissive  power  of  tungsten. 

The  results  showed  a  rather  wide  range  with  an  average  of  about  i6  per  cent, 
which  does  not  appear  to  vary  greatly  within  the  temperature  range  (1600® 
to  2600°  K.). 

Nbla  Research  Laboratoribs, 
Cleveland.  Ohio. 
April  5.  1922. 

39.  Variation  of  Contact  Difference  of  Potential  with  Temperature 

IN  Potassium  and  Sodium,  and  the  Accompanying 

Changes  in  Photo-electric  Emission. 

By  Herbert  E.  Ivbs. 

If  a  tungsten  filament  is  mounted  in  the  middle  of  a  highly  evacuated  glass 
i)ulb,  whose  walls  are  covered  with  a  layer  of  distilled  potassium  in  contact 
ivith  an  electrode  through  the  glass,  it  is  possible,  upon  raising  the  filament  to 
incandescence,  to  obtain  a  thermionic  current  between  the  filament  and  the 
potassium.  The  voltage-current  relation  is  of  the  usual  type.  If  now  the 
bulb  is  immersed  in  liquid  air,  it  is  found  that  the  thermionic  voltage-current 
•curve  is  laterally  shifted  by  a  fraction  of  a  volt,  indicating  that  the  potassium 
lias  become  electronegative  compared  with  its  room  temperature  condition. 

According  to  present  photoelectric  theory  a  change  in  the  contact  difference 
of  potential  should  be  accompanied  by  a  shift  in  the  photoelectric  threshold, 
which  in  turn  may  be  expected  to  go  along  with  a  change  in  the  total  photo- 
electric emission.  Such  a  shift  in  the  long  wave  limit,  and  a  corresponding 
change  in  the  total  emission,  are  actually  found.  The  photoelectric  current 
is  diminished  upon  dropping  to  liquid  air  temperature  to  about  80  per  cent, 
of  its  original  value,  for  blue  light,  and  to  progressively  lower  values  in  the 
green  and  yellow.  Most  of  the  change  occurs  below  zero  Centigrade,  which 
fact,  together  with  the  preponderance  of  sensitiveness  in  the  blue  region  where 
the  effect  is  least,  probably  explain  the  previous  failures  to  observe  a  dependence 
of  the  photoelectric  effect  on  temperature.  The  same  phenomenon  is  found 
to  a  lesser  degree  in  sodium. 

Research  Laboratories.  American  Telephone  and  Telegraph  Company 
AND  Western  Electric  Company,  New  York, 
March  31,  1922. 
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40.  A  Precision  Rotating  Sector:  Aperture  Variable  and  Measurable 

WHILE  IN  Motion. 

By  a.  H.  Pfund. 

The  outstanding  defect  in  the  well-known  rotating  sector  whose  aperture  is 
variable  while  in  motion  lies  in  the  mechanism  for  reading  the  angular  opening. 
Due  to  the  unavoidable  ''lost  motion/*  the  readings  obtained  from  a  scale  over 
which  a  lever  handle  (whose  motion  is  transmitted  by  clutches,  gears,  etc.,  to 
the  sectors)  moves,  do  not  indicate  the  true  angular  openings  of  the  sectored 
discs  with  precision. 

This  difficulty  is  overcome  by  means  of  a  new  stroboscopic  device  which 
makes  possible  the  reading  of  graduated  scale  engraved  on  the  rotating  sectors. 
A  narrow  slit  is  cut  into  one  of  the  two  discs  near  the  fiducial  mark.  The  light 
from  a  small  incandescent  lamp  passes  through  this  slit  and  falls  on  a  concave 
mirror  which  focuses  a  sharp  slit  image  on  the  fiducial  mark  and  on  the  adjacent 
portions  of  the  graduated  scale  (engraved  on  the  second  disc).  A  central 
opening,  fitted  with  a  magnifying  lens,  is  cut  into  the  concave  mirror  for  pur- 
poses of  observation.  The  angular  opening  is  varied  by  a  mechanism  re- 
sembling that  employed  by  Abney  and  others.  When  the  sectors  are  rotated 
rapidly,  the  scale  appears  to  be  absolutely  at  rest.  Even  minute  imperfections 
in  the  scale  are  depicted  with  astonishing  clearness. 

A  further  novelty  lies  in  the  sectored  discs  themselves.  They  are  so  cut  as 
to  present  two  adjacent  fields  of  view.  As  the  angular  opening  is  varied,  one 
field  increases  in  brightness  while  the  other  decreases.  In  extreme  positions, 
one  field  is  black  while  the  other  is  at  maximum  brightness — conditions  are 
reversed  as  the  sectors  rotate,  relatively,  through  90**. 

Johns  Hopkins  Univbrsity, 
March,  1922. 

41.  Specific  Intensity  of  Radiation  in  an  Absorbing  Medium. 
By  Lbigh  Pagb. 

In  1882  KirchhofT  showed  that  the  specific  intensity  of  radiation  in  a  trans- 
parent medium,  multiplied  by  the  square  of  the  phase  velocity,  should  be  the 
same  for  all  media  in  thermal  equilibrium  with  one  another.  In  his  book  on 
heat  radiation  Planck  assumes  this  relation  to  hold  for  absorbing  media.  Laue 
has  questioned  this  assumption  and  published  an  analysis  of  the  problem  (1910) 
which  seems  to  show  that  the  real  part  of  the  index  of  refraction  should  be 
replaced  by  the  modulus. 

In  Laue's  paper,  it  is  assumed  that  a  train  of  plane  waves  incident  internally 
on  the  smooth  surface  of  an  absorbing  medium,  and  the  reflected  train,  can  be 
treated  as  separated  entities  insofar  as  the  propagation  of  energy  is  concerned. 
This,  however,  is  not  permissible,  on  account  of  the  change  in  phase  occurring 
on  reflection.  A  more  detailed  investigation  of  the  problem  confirms  Planck's 
assumption  for  moderately  absorbing  media.     For  strongly  absorbing  media 
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it  is  doubtful  if  the  substitution  of  trains  of  plane  waves  for  the  irregular  radia- 
tion due  to  absorption  and  subsequent  emission  is  legitimate. 
Yale  Univbrsity. 

42.   Phenomena  in  Gases  Excited  by  Radio  Frequency  Currents. 

By  E.  O.  Hulburt. 

The  spectra  from  hydrogen,  oxygen  and  air  excited  by  currents  of  the 
frequency  of  the  order  of  lo*  alternations  per  second  produced  by  an  oscillating 
fifty-watt  electron  tube  were  photographed  with  a  grating  spectrograph  in  the 
spectral  region  from  5000  A.  to  3500  A.  These  spectra  were  found  to  be 
identical  with  the  spectra  of  the  same  gas  stimulated  by  sixty-cycle  current 
of  the  same  strength  as  the  radio  frequency  current. 

The  potentials  just  sufficient  to  set  up  luminosity  in  hydrogen  and  in  oxygen 
were  measured  for  direct  and  radio  frequency,  ».«.,  frequencies  from  10'  to  lo^ 
current  using  electrode  distances  from  5  to  30  mm.  and  gas  pressures  from 
I  to  5  mm.  of  mercury.  For  a  specified  gas  pressure  and  electrode  distance 
the  direct  potential  and  the  maximum  value  of  the  radio  frequency  potentials 
were  found  to  be  the  same.  In  the  light  of  this  result  theoretical  consideration 
indicated  that  the  luminosity  was  started  by  collisions  of  electrons  rather  than 
of  gaseous  ions,  with  the  gas  molecules. 

The  flashes  of  light  from  hydrogen,  oxygen,  argon  and  air  in  turn  excited 
by  damped  radio  frequency  current  were  found  to  be  each  a  train  of  radio 
frequency  flash  s  when  examined  by  means  of  a  rotating  mirror.  For  hydrogen 
and  argon  the  lirst  few  flashes  of  the  radio  frequency  train  showed  a  pre- 
dominance of  the  green  and  blue  lines  of  the  spectrum,  the  later  flashes  of  the 
train  showed  a  predominance  of  the  red  lines.  This  was  ascribed  to  the  fact 
that  the  maximum  value  of  the  current  in  the  first  few  cycles  of  the  damp>ed 
discharge  was  much  greater  than  in  the  subsequent  cycles. 

State  UNrvERSiTV  op  Iowa, 
March,  1922. 

43.  On  the  Effect  of  Short  Electromagnetic  Waves  on  a  Beam  of 

Electrons. 

By  C.  J.  Lapp. 

Much  has  been  written  concerning  discontinuous  wave  fronts  of  electro- 
magnetic radiation.  Sir  J.  J.  Thomson  and  A.  Einstein  have  definitely 
developed  such  theories.  As  an  experimental  test  apparatus^  was  devised  by 
means  of  which  electrons  were  shot  through  a  compact  beam  of  radiation  such 
as  ultraviolet  light  or  x-rays.  In  order  to  magnify  any  ix)ssible  effect  the 
electron  beam  was  twisted  into  a  long  spiral  of  about  3  cm.  pitch  and  1.5  cm. 
mean  diameter  by  means  of  a  strong  magnetic  field.  The  helical  beam  thus 
formed  was  about  70  cm.  long,  and  the  path  of  each  individual  electron  much 

»  Knipp.  C.  T.,  Phys.  Rev..  Vol.  34.  p.  477. 
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longer.  If  the  electron  beam  appeared  continuously  and  it  was  permitted 
to  fall  on  a  photographic  plate,  traces  made  on  the  plate  when  the  radiation 
was  turned  off  should  be  different  from  those  made  when  the  radiation  was 
present  if  any  effect  occurred. 

The  experiment  was  performed,  using  as  a  source  of  electrons  an  especially 
prepared  Wehnelt  Cathode  of  microscopic  size  described  in  the  "Transactions 
of  the  Illinois  State  Academy  of  Science,'*  Vol.  14,  192 1.  Due  to  the  velocity 
distribution  of  the  electrons  in  the  beams,  the  traces  made  on  the  photographic 
plates  were  almost  circular.  Photographs  were  taken,  first,  of  the  electron 
beam  alone,  and  second,  of  the  beam  when  intense  radiation  was  directed  across 
its  path  near  the  electron  source. 

A  long  series  of  exposures  taken  when  ultraviolet  light  was  used  as  the 
radiation,  showed  a  slight  scattering  of  the  electrons  which  was  but  little  larger 
than  the  experimental  error. 

When  hard  x-rays  were  used  as  radiation,  a  marked  effect  was  found.     The 
exposures  taken  when  the  electrons  had  passed  through  the  x-rays  showed  a 
distinct  scattering  effect.     This  is  undoubtedly  evidence  in  favor  of  a  dis- 
continuous wave  front  theory. 
Univbrsity  of  Illinois. 

44.  Effect  of  the  Initial  Emission  Velocities  of  Electrons  on  the 
Minimum  Arcing  Voltage  in  Gases. 

By  K.  T.  Compton  and  Y.  T.  Yao. 

The  maintenance  of  arcs  at  considerably  less  than  half  the  minimum  ionizing 
potential  ^  is  a  fatal  objection  to  the  theory  of  low  voltage  arcs  as  due  to 
Cumulative  ionization*  unless  the  difference  between  the  theoretical  and 
observed  voltage  can  be  accounted  for  as  due  to  initial  velocity  of  emission  of 
electrons  from  the  cathode. 

Minimum  Striking  Voltage, — It  is  shown  that  the  observed  striking  voltage 
should  be  equal  to  the  difference  between  the  minimum  ionizing  and  radiating 
potentials,  less  the  average  energy  of  emission  of  electrons  from  the  cathode, 
in  equivalent  volts. 

Minimum  Maintaining  Voltage, — On  the  assumption  that  it  requires  the 
same  number  of  electrons,  with  velocities  exceeding  the  critical  value,  to  main- 
tain the  arc  as  to  cause  it  to  strike,  it  is  shown  that  the  arc  may  be  maintained 
at  a  voltage  less  than  the  striking  voltage  by  an  amount  calculable  from  the 
relative  increase  of  current  when  the  arc  strikes  and  the  known  distribution  of 
velocities  among  the  emitted  electrons. 

Comparison  with  Experiment. — Curves  showing  the  relation  between  arc 
current  and  applied  voltage  at  various  vapor  pressures  and  cathode  tempera- 
tures in  mercury  vapor,  agree  with  the  above  theory  within  the  limits  of 
experimental  accuracy. 
Princeton  University. 
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45.   The  Effect  of  Liquid  Surface  upon  the  Arcing  Voltage  in  Mercury 

Vapor. 

By  y.  t.  Yao. 

Low  voltage  arc  in  mercury  vapor  was  studied  under  identical  conditions 
for  the  two  cases:  (i)  when  the  vapor  was  near  the  liquid  surface,  and  (2) 
when  it  was  far  removed  from  it. .  It  was  found  .that  there  was  an  essential 
difference  in  the  value  of  the  striking  voltage.  In  the  first  case,  the  4. 9 -volt 
arc  was  prominent,  whereas  in  the  second  case  the  6.8-volt  arc  was  apparently 
the  only  one  present.  It  is  suggested  that  the  same  entities  which  are  active 
in  fluorescence  and  resonance  may  also  be  responsible  for  the  4.9-volt  arc  in 
mercury  vapor,  since  R.  W.  Wood  has  shown  that  fluorescence  and  resonance 
are  excited  in  mercury  vapor  by  the  2536  A.  line  only  when  the  vapor  has  been 
freshly  distilled  from  the  liquid  surface.^  Experiments  along  these  lines  are 
in  progress. 

Princeton  UNrvBRSixv. 

46.    Mobilities  of  Electrons  in  Hydrogen. 
By  Leonard  B.  Lobb. 

In  a  recent  paper  published  in  the  Physical  Review"  the  writer  gave  the 
results  of  the  measurement  of  the  mobilities  of  electrons  in  nitrogen.  This 
work  has  been  extended  to  Ht  with  a  considerable  improvement  in  the  oscillat- 
ing system  and  an  increase  in  the  accuracy  of  the  measurements.  This 
increased  accuracy  led  to  an  elimination  of  certain  "ageing"  eff^ects  which 
had  distorted  the  voltage- mobility  curves  in  N2.  It  led  also  to  the  explana- 
tion of  the  asymptotic  feet  of  the  mobility  curves  in  Hi  and  Nj  as  being  due  to 
the  diffusion  of  ions  formed  between  the  plates,  to  the  electrometer  plate. 
It  therefore  became  possible  to  eliminate  these  feet  completely.  As  in  Nj 
it  was  found  that  the  mobility  constant  reduced  to  760  mm.  pressure  varied 
as  a  function  of  the  field  strength  and  pressure.  The  mobilities  obtained  are 
very  closely  given  by  the  equation, 

2.74  X  io« 


(i)  ^  ,    F/76o\»/4 

or  nearly  as  well  by, 

Ik  =   '-905  Xio'Y* 

(2)  I  8i.3+j^76o        , 

\  d    p] 

where  V  is  the  potential  difference  of  the  alternating  potential  in  volts,  d  is 
the  distance  between  the  plates,  and  p  the  pressure  in  mm.  of  Hg.  The  differ- 
ence in  the  shape  of  the  curves  given  by  equations  (i)  and  (2)  is  very  slight. 

»  R.  W.  Wood,  Astrophys.  Jour.,  Vol.  LIV.,  p.  149,  192 1. 

« L.  B.  Loeb,  Phys.  Rev.,  Vol.  XIX.,  No.  i,  pp.  224-38,  Jan.,  1922. 
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The  fit  of  the  curves  is  perhaps  a  trifle  better  in  the  case  of  equation  (2),  while 
(i)  reproduces  the  family  of  curves  more  accurately.  The  form  of  the  equa- 
tion for  mobility  in  Hi  differs  from  that  observed  in  Nj  in  that  it  has  the 
power  3/4  instead  of  I,  as  was  originally  found  for  Nj.  Indications  are  that 
when  the  measurements  are  made  in  Ni  with  the  same  precision  as  that 
achieved  in  Hj,  the  equation  for  the  mobility  in  Nj  will  be  similar  to  the 
one  in  Hj.  The  new  equation  obtained  in  Hj  is  more  nearly  of  the  form 
to  be  expected  on  theoretical  grounds  than  the  one  found  for  Nj.  It  still 
however  indicates  that  either  the  mean  free  path  of  the  electron  or  the  elasticity 
of  the  electron  impact  is  a  function  of  its  velocity. 

The  values  of  K  found  for  Hj  are  in  general  much  lower  than  the  correspond- 
ing values  found  for  Nj.  If  the  values  of  X  be  taken  for  F  =  o,  i.e.,  for  elec- 
trons in  thermal  equilibrium  with  the  gas  molecules,  the  value  of  i^  =  6860 
cm./sec.  volt/cm.  is  obtained.  The  value  of  K  computed  from  the  theoretical 
equation  for  electron  mobility  in  H2,  where  F  =  o,  is  iC  =  13,060  cm./sec. 
volt/cm.  This  indicates  that  the  mean  free  path  of  electrons  in  Hj  -is  0.53 
of  the  value  assumed  by  the  kinetic  theory  of  gases.  Such  a  decrease  in  the 
mean  free  path  of  electrons  could  be  caused  by  the  attractive  forces  exerted  by 
the  electrons  on  the  gas  molecules.  In  the  case  of  N2  the  value  of  K  observed 
was  3.9  times  the  theoretical  value.  This  indicates  an  abnormally  great  mean 
free  path  in  Ns  which  is  at  present  unexplained.  It  is  perhaps  similar  to  the 
abnormal  mean  free  path  found  in  argon,  independently  by  Ramsauer,^  H. 
F.  Mayer,*  and  Townsend.' 

Rybrson  Physical  Laboratory, 
April  4.  1922. 

47.  The  Electron  Emission  from  Thoriated  Tungsten  Filaments. 

By  Irving  Langmuir. 

Heating  a  tungsten  filament  containing  thoria  to  2800°  K.  causes  a  small 
fraction  of  the  thoria  to  be  reduced  to  metallic  thorium  distributed  throughout 
the  filament.  At  2100**  K.  the  evaporation  of  thorium  becomes  negligible  and 
with  exceptionally  high  vacuum  the  thorium,  by  diffusion,  forms  an  adsorbed 
film  covering  a  fraction  $  of  the  surface  with  a  layer  of  thorium  atoms.  The 
electron  emission  is  measured  at  1300°  to  1800®  where  no  diffusion  occurs. 

Theory  and  experiment  show  that  the  logarithm  of  the  emission  is  a  linear 
function  of  6  and  the  changes  in  6  caused  by  heat  treatment  are  given  by 

No^=  DCi(i  -6)  -V, 

where  Na  =  Number  of  thorium  atoms  per  cm.*  when  ^  =  i ;   D  —  Diffusion 
coefficient  (cm.*  sec.~0  of  thorium  in  tungsten;    Ci  =  Concentration  gradient 

»  C.  Ramsauer,  Ann.  d.  Phys.,  64,  p.  513,  1921. 

*  H.  F.  Mayer,  Ann.  d.  Phys.,  64,  p.  451,  1921. 

•  J.  S.  Townsend  and  V.  A.  Bailey,  Phil.  Mag..  Vol.  43,  No.  255,  pp.  593-600,  March,  1922. 
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at  the  surface  (atoms  of  Th  X  cm."*);    v  =  rate  of  evaporation  of  thorium 
(atoms  cm.~*  sec."')  from  a  tungsten  surface.     Experiments  show  that 

^                           20000 
logiol>  =  0.2I ^, 

,  .       44500 

logio  V    =  7.76  -  ^^^y-  . 

Thorium  atoms  evaporate  from  underlying  thorium  atoms  at  rates  very  high 
compared  to  that  of  thorium  from  underlying  tungsten  atoms.  Only  for 
small  values  of  9  (less  than  o.i)  is  v  proportional  to  6.  For  $  =  0.2  to  0.3,  v 
reaches  a  maximum  and  then  decreases  slightly  (about  20  per  cent.)  when 
6  =  0.9. 

Research  Laboratory,  General  Electric  Co.,  Schenectady.  N.  Y. 

48.  The  Removal  of  Thorium  from  the  Surface  of  a  Thoriated  Tung- 

sten Filament  by  Bombardment  with  Positive  Ions. 

By  K.  H.  Kingdon  and  Irving  Langmuir. 

The  experimental  tube  contains  a  molybdenum  cylinder  c  with  closed  ends, 
thiough  which  pass  two  thoriated  tungsten  filaments,  a  and  b.  The  tube  is 
filled  to  about  o.oi  mm.  pressure  with  the  gas  whose  ions  are  to  be  used,  and 
ions  are  formed  by  passing  an  electron  current  from  b  to  c.  The  voltage 
between  b  and  c  is  kept  as  low  as  possible,  while  a  is  kept  at  a  relatively  high 
negative  potential  to  6,  and  can  thus  be  bombarded  with  positive  ions  of  any 
desired  energy.  The  removal  of  Th  from  the  surface  of  a  by  this  bombardment 
can  be  studied  from  the  change  in  the  electron  emission  of  a.  He  and  Ne  have 
been  used. 

Conclusions: — (i)  Ne  ions  remove  Th  faster  than  He  ions  of  the  same 
energy. 

(2)  The  amount  of  Th  removed  per  second  does  not  increase  in  proportion 
to  the  amount  of  Th  on  the  surface,  and  is  independent  of  the  temperature 

(3)  At  500  volts  only  about  one  He  ion  in  190  succeeds  in  removing  a  Th 
atom  from  the  surface. 

(4)  The  rate  of  removal  of  Th  increases  approximately  linearly  with  the 
energy  of  the  ions;  and  is  proportional  to  the  positive  ion  current. 

Research  Laboratory.  General  Electric  Co.,  Schenectady,  N.  Y. 

49.  The    Measurement   of    Magnetic   Field   Strength   by   Means   of 

Electron  Tubes. 

By  Albert  W.  Hull. 

The  following  method  of  calibrating  magnetic  field  coils  has  been  in  use 
in  the  Research  Laborato.y  for  the  past  two  years: 

A  two-electrode  tube  of  circular  cylindrical  symmetry  is  connected  in  multiple 
with  a  standard  voltmeter,  and  in  series  with  a  high  resistance  and  a  source  of 
voltage. 
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The  electron  tube  is  placed  in  the  field  and  rotated  until  the  voltmeter 
reading  is  a  maximum.  The  direction  of  the  field  is  then  given  by  the  direction 
of  the  axis  of  the  tube,  and  its  magnitude  H  by  the  voltmeter  reading  7, 
according  to  the  equation 

where  R  is  the  radius  of  the  anode. 

The  readings  are  independent  of  both  filament  temperature  and  generator 
voltage  within  wide  limits,  so  that  any  available  power  supply  may  be  used; 
and  can  be  relied  upon,  without  calibration,  to  within  5  per  cent,  in  absolute 
value,  and  to  within  Ji  per  cent,  for  relative  values  over  a  short  range.  Fields 
from  20  to  500  gauss  can  be  measured  in  this  way  by  appropriate  choice  of 
resistance  and  voltage. 

An  alternative  method  is  to  connect  an  electron  tube  of  any  type  in  series 
with  a  voltmeter  and  source  of  voltage.  Calibration  is  necessary.  The  range 
is  from  10  to  500  gauss.  By  using  a  symmetrical  tube  and  a  polarizing  field 
coil  around  on  the  tube,  the  range  may  be  extended  down  to  i/io  gauss. 

Rbsbarch  Laboratory, 

Gbnsral  Electric  Company. 
Schenectady.  N.  Y., 
November  22,  192 1. 

50.   A  General  Relation  for  Electron  Emission  from  Metals. 

By  Saul  Dushman. 

On  the  basis  of  the  Nernst  Heat  Theorem  it  has  been  shown  that  the  vapor 
pressure  of  a  monatomic  substance  is  given  by  a  relation  of  the  form 


Lo    ,5 

2 


Inp  =  -   ^+z^nT  +  C.  (i) 


According  to  the  quantum  theory,  C,  the  so-called  chemical  constant,  may 
be  calculated  from  the  equation 

^       ,   /lu  {2vyf^k^^AP'^\ 

^  =  H — N^^^}^-')  ^'^ 

Tolman  has  applied  equation  (i)  to  electron  emission,  by  using  the  value  of 

C  derived  from  the  vapor  pressure  data  for  helium.     Using  equation  (2)  to 

calculate  C,  and  applying  equation  (i)  to  electron  emission,  it  can  be  shown 

that  the  emission  from  any  substance,  in  amperes  per  cm.',  is  given  by  the 

relation 

*  =  6o.2P€-*»/''  (3) 

,         ^  10  /2irk^me\ 

where  60.2    =   ^(^-^^j 

This  equation  is  found  to  be  in  very  satisfactory  agreement  with  electron 
emission  data  obtained  from  pure  tungsten,  and  unimolecular  layers  of  thorium 
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and  calcium  on  tungsten.     The  following  values  of  bo  have  been  obtained  for 
these  metals. 

W 51,500  ±     500. 

Th 34,000  ±     500. 

Ca •. 26.000  ±  1.000.- 

Research  Laboratory, 

General  Electric  Co., 
Schenectady,  N.  Y. 

51.  The  Secondary  Electron  Emission  from  Nickel. 
By  C.  Davisson  and  C.  H.  Kunsman. 

The  total  number  of  secondary  electrons  emitted  per  primary  bombarding 
electron  has  been  measured  for  nickel  for  bombarding  potentials  F,  up  to  350 
volts,  by  the  same  method  employed  by  Millikan  and  Barber  (Proc.  Nat. 
Acad.,  Jan.,  1921)  for  copper. 

The  emission  factor  has  a  value  of  1.08  for  V  =  350  volts,  and  decreases 
to  0.32  for  F  =  15  volts,  and  then  remains  practically  constant  at  0.30  for  all 
speeds  to  F  =  o.  While  the  bulk  of  the  secondary  emission  from  nickel  is 
made  up  of  slow-speed  electrons,  electrons  of  all  speeds  up  to  the  speed  of  the 
primaries  are  to  be  found  at  all  bombarding  potentials.  The  presence  of 
high-speed  electrons  have  not  in  general  been  observed  in  the  investigations 
on  the  emission  from  metals. 

Apparently  the  emission  at  the  lower  voltages  is  due  to  the  escape  from  the 
metal  of  primary  electrons  that  may  on  the  average  have  had  a  considerable 
number  of  elastic  encounters  with  atoms  in  and  near  the  surface  of  the  target. 
At  high  voltages  the  high-speed  electrons  escape  from  the  target  as  the  result 
of  single  encounters  between  primary  electrons  and  atoms. 
Research  Laboratories  op  the 

American  Telephone  and  Telegraph  Co.. 

AND  THE  Western  Electric  Company,  Inc.. 
April  19.  1922. 

52.  An  Experimental  Method  of  Testing  the  Expressions  for  Longi- 
tudinal and  Transverse  Masses  of  the  Electron. 

By  L.  T.  Jones  and  W.  C.  Pombroy. 

Expressions  for  the  longitudinal  and  transverse  masses  of  the  electron 
have  been  deduced  by  Lorentz-Einstein,  Abraham,  Bucherer-Langevin  and 
Walker.  An  experimental  method  of  testing  these  expressions  is  proposed 
making  use  of  an  electron  stream  from  a  hot  filament  cathode,  the  electrons 
being  accelerated  by  the  sinusoidal  voltage  from  a  high  potential  transformer; 
thus  in  the  beam  studied  a  large  range  of  electron  velocities  is  present.  Each 
electron,  uix)n  acquiring  its  maximum  velocity,  enters  an  electrostatic  field, 
between  parallel  horizontal  plates,  which  is  a  constant  fraction  of  and  at  all 
times  in  phase  with  the  variable  accelerating  field.     Coincident  with  this  field 
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is  a  constant  magnetic  field.  These  fields  produce  downward  and  sidewise 
deflections,  respectively,  which  depend  in  magnitude  upon  the  velocity  of  the 
electron.  A  curve  is  traced  upon  a  photographic  plate  placed  on  the  lower 
of  the  horizontal  plates.  This  may  be  compared  with  the  theoretical  curves, 
which  have  been  calculated  for  each  of  the  four  theories.  A  plot  of  the  calcu- 
lated curves  indicates  the  possibility  of  confirmation  of  one  of  the  theoiies. 
The  experimental  work  is  proceeding. 

Department  of  Physics, 

UNivERsrrv  of  California. 

53.  Oil-Drop  Experiments  as  Proof  of  the  Invariance  of    Electric 

Charge. 

By  F.  W.  Loosas. 

At  the  last  meeting  I  pointed  out  *  that  the  fact  that  all  of  Millikan's  oil 
drops  could  be  made  electrically  neutral  within  i/iooo  of  an  electronic  charge 
showed  that  the  charge  on  an  electron  is  equal  to  that  on  a  proton  to  within 
I  part  in  4  X  lo^^  This  is  true  for  the  electrons  composing  substances  as 
diveise  as  mercury  and  oil.  It  follows  that  all  electrons  have,  to  this  order  of 
accuracy,  the  same  charge;  and  since  the  electrons  in  different  substances 
have  widely  different  velocities,  this  serves  as  a  confirmation  of  the  relativity 
law  of  the  invariance  of  electric  charge.  A  rough  calculation  can  be  made  of 
the  limit  set  by  these  experiments  on  the  possible  variation  of  charge  with 
velocity. 

New  York  University. 

54.  Study  of  the  Hydrogen  Radiation  in  the  Red  and  the  Infra-Red. 

By  F.  S.  Brackbtt. 

Hydrogen  lines  have  been  observed  at  wave-lengths  X  =  4.0*  fi  and  2.6*  /i 
due,  according  to  Bohr's  theory,  to  an  electron  falling  into  the  fourth  from  the 
fifth  and  ^xth  rings  respectively — forming  the  first  two  members  of  a  new  series. 

Lines  have  also  been  observed  at  wave-lengths  X  =  1.8" Mi  I-2'Mi  i.o*m» 
i.o*  n  and  0.95  fi.  These  form  the  first  five  members  of  the  Paschen  series,  due 
to  an  electron  falling  into  the  third  from  the  fourth,  fifth,  sixth,  seventh  and 
eighth  rings  respectively.  The  first  two  were  observed  and  accurately  meas- 
ured by  Paschen. 

The  relative  intensities  of  H^  and  the  first  Paschen  line  are  found  to  vary 
with  the  current.  In  some  cases  the  first  Paschen  line  was  found  to  be  more 
intense  than  H^  in  the  ratio  4  :  3.  The  first  line  of  the  new  series  was  found 
to  be  about  one  fourth  the  intensity  of  Ha. 

The  variation  of  intensity  of  Hydrogen  lines  is  not  a  continuous  Junction  of 
current  intensity.  Discontinuities  occur  for  currents  corresponding  to  the 
threshold  (resonance)  potentials  predicted  by  Sommerfeld.     Those  have  been 

>  Paper  15.  113th  meeting. 
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identified  which  correspond  to  amounts  of  energy  necessary  in  order  to  expel 
an  electron  from  the  ^r5/  to  the  third,  fourth,  fifth,  sixth,  seventh  and  eighth  rings 
respectively,  also  probably  the  ninth,  tenth,  eleventh  and  twelfth  rings.  Other 
discontinuities  have  also  been  observed  which  would  not  be  expected  from 
theory. 

Johns  Hopkins  Univbrsity, 
April  7.  1933. 

55.  The  Voltage-current  Relation  in  Central  Anode  Photo-electric 

Cells. 

By  Herbert  E.  Ives  and  Thornton  C.  Fry. 

It  is  found  experimentally  that  the  voltage  photo-electric  current  relation 
in  central  anode  photo-electric  cells  is  different  for  different  colors.  On  the 
assumption  that  the  electrons  are  emitted  from  the  walls  in  all  directions  accord- 
ing to  a  cosine  distribution,  and  with  all  velocities  up  to  the  limit  set  by  the 
quantum  relation,  according  to  a  parabolic  distribution  law  of  energies,  a 
mathematical  theory  is  developed.  The  electrons  describe  elliptic  orbits, 
determined  by  their  initial  direction  and  velocity,  and  the  electric  field.  It 
is  shown  that  very  small  initial  velocity  differences  are  only  overcome  by  large 
electric  fields.  For  an  assumed  case  of  a  threshold  at  6000  A.U.  saturation  is 
calculated  to  occur  at  40  volts  for  emission  due  to  5500  A.U.  radiation,  and  at 
160  volts  for  emission  due  to  4500  A.U.  radiation.  These  differences  agree 
as  to  order  of  magnitude  with  the  experimentally  observed  ones. 

Research  Laboratories,  ^erican  Telephone 

AND  Telegraph  Company  and  Western  Electric 
Company,  New  York. 
March  31.  1933. 

56.  The  Broadening  of  the  Balmer  Lines  of  Hydrogen  with  Pressure. 

By  E.  O.  Hulburt. 

Spectrograms  were  taken  of  H^,  Hy  and  i/«  of  hydrogen  excited  by  con- 
densed discharges  for  gas  pressures  from  2  to  135  mm.  of  mercury.  At  the 
highest  pressure  the  photographic  widths  of  the  lines  were  nearly  100  A. 
Throughout  the  series  of  pressures  the  intensity  of  the  central  portion  of  Hfi 
was  maintained  sensibly  constant.  Assuming  that  the  widening  was  caused 
by  disturbance  of  the  uniformity  of  the  radiation  due  to  collisions  of  the 
radiating  particles  (as  proposed  by  others),  the  widening  of  the  lines  with  pies- 
sure  was  calculated  and  found  to  be  considerably  less  than  that  observed. 
This  result  indicated  that  the  assumption  was  an  improper  one,  and  that  the 
widening  should  be  attributed  to  other  causes,  such  as  the  effect  of  the  electrical 
fields,  as  investigated  by  Merton  (Proc.  Roy.  Soc,  92,  322,  1915)- 
State  University  of  Iowa, 
April,  1933. 
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57.  Crystal  Structures  of  Vanadium,  Germanium  and  Graphite. 

By  Albert  W.  Hull. 

Vanadium  has  been  analyzed  in  powdered  form  by  the  x-ray  diffraction 
photograph  method.  Its  lattice  is  a  body-centered  cube  with  side  3.04  A. 
The  distance  between  nearest  atoms  is  3.63  A,  and  the  ideal  density  5.96. 

Germanium  is  found  to  have  a  crystal  structure  the  same  as  that  of  diamond. 
The  side  of  the  unit  cube  is  5.63  A,  the  distance  between  the  nearest  atoms 
1.3 1 8  A,  and  the  density  5.36. 

New  and  more  accurate  diffraction  patterns  of  graphite  have  confirmed  the 
structure  described  in  an  earlier  paper,  viz.,  a  lattice  of  the  hexagonal  close* 
packed  type.    The  measurements  can  not  be  reconciled  with  the  rhombohedral 
structure  found  by  Debye.     The  exact  distance  between  nearest  planes  can 
not  yet  be  stated  with  certainty.     Measurements  are  in  progress  which,  it  is 
hoped,  will  determine  this  distance. 
Rbsbarch  Laboratory. 
General  Electric  Co., 
Schenectady,  N.  Y. 

58.  The  Diffusion  Coefficient  in  Solids  and  Its  Temperature 

Coefficient. 

By  Saul  Dushman  and  Irving  Langmuir. 

Consider  a  solid  as  consisting  of  layers  of  atoms,  d  being  the  distance 
between  layers.  Let  Kdl  be  the  probability  that  a  given  atom  in  a  layer  A 
shall  move  into  the  adjacent  layer  B  during  the  time  dt.  Then  the  diffusion 
coefficient  is 

(1)  D  "  KS». 

The  quantity  X  is  a  frequency  analogous  to  the  velocity  constant  of  a  uni- 
molecular  chemical  reaction.  The  velocity  of  such  reactions  is  approximately 
given  by  the  semi-empirical  relation 

(2)  K^wr-^t^^        or        K^^e-OIR^, 

where  y  or  Q  is  characteristic  of  the  reaction.  It  is  now  shown  that  this 
relation  also  holds  for  the  K  calculated  by  (i)  from  the  diffusion  coefficient. 
For  the  diffusion  of  thorium  through  tungsten  at  2300®  K.  I?  «  i.i  X  io~* 
cm.*  sec.~*.  Substituting  this  in  (i)  and  (2)  gives  Ocai.  «  90,500  g.  calories 
per  g.  molecule.  Plotting  log  Pobe.  against  the  reciprocal  of  the  temperature, 
from  1900  to  2500^  K.,  gives  a  straight  line  from  whose  slope  we  get 
Oobt.  "  94,000  ifc  3,000,  in  satisfactory  agreement  with  Qcal.-  Even  better 
agreement  is  obtained  from  published  data  of  Roberts-Austin  on  diffusion  of 
gold  in  lead  and  of  Warburg  and  Schulze  on  diffusion  of  sodium  ions  in  glass. 
Thus  the  temperature  coefficient  of  D  may  be  calculated  if  the  value  of  D  is 
known  at  one  temperature. 

Resbarch  Laboratory.  General  Electric  Co..  Schenectady.  N.  Y. 
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59.  Note  on  the  Cohn-Minkowski  Formula  for  the  Motion  of 
Insulators  in  a  Magnetic  Field. 

By  S.  J.  Barnbtt. 

On  the  theory  of  Lorentz  and  Larmor  the  polarization  produced  by  the 
motional  electric  intensity  acting  on  an  insulator  with  dielectric  constant  K 
and  permeability  unity  moving  with  velocity  v  in  a  magnetic  field  with  induc- 
tion B  is 

(X  -  I)  I  ,  „, 

Pi^' --[vB]. 

4ir       c 

If  the  permeability  is  /i  and  the  intensity  of  magnetization 

there  is  in  addition  an  electric  polarization 

P,^l[vI]^-^(i-^)lvB] 
c  4wc\         11/ 

due  to  the  magnetization.  This  follows  from  a  simple  theorem  of  Maxwell's: 
The  motion  with  velocity  v  of  a  constant  electromagnetic  system  with  vector 
potential  A  produces  an  electric  field  the  potential  of  whose  polar  part  is 
tp  B  (Av)/c*  An  immediate  consequence  of  this  is  that  the  electric  moment  of 
the  distribution  produced  by  the  motion  is  equal  to  i/c[vm],  where  m  is  the 
magnetic  moment.  Applying  this  to  the  unit  volume,  we  obtain  the  above 
expression  for  Pf.     The  total  polarization  is 


U-i>^'' 


P  ^Pi  +  P,      ^ 

a  result  hitherto  obtained  only  on  the  theories  of  Cohn  and  Minkowski.  The 
result,  like  Maxwell's  theorem,  is  correct  only  to  quantities  of  the  first  order 
in  v/c.  Reference  is  made  to  results  obtained  by  Budde,  Lorentz,  and 
others,  which  are  implicit  in  Maxwell's  theorem,  the  approximate  character 
of  which  is  due  to  its  being  based  on  a  principle  of  relativity  assuming 
equality  of  electromotive  intensity  and  magnetic  induction  to  fixed  and  moving 
observers. 

Carnbgie  Institution  of  Washington. 

60.  A  New  Method  for  the  Generation  of  Sound  Waves. 

By  Julius  Hartmann.    Introduced  by  Hugo  Frickb. 

In  an  air-jet,  produced  by  a  pressure  higher  than  1.9  Atm.,  there  is  a  peculiar, 
periodic  distribution  of  the  pressure  along  its  length,  a  demonstration  of 
which  can  be  made  photographically  by  means  of  a  special  optical  arrangement. 
If  the  aperture  of  a  small  cylindrical  acoustic  resonator  is  introduced  into  the 
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parts  of  the  jet  where  the  pressure  is  rising,  a  note  is  produced.  The  wave- 
length of  this  has  been  determined  by  a  Kundt  tube  and  is  found  to  be  deter- 
mined by  the  equation 

X  =  4/  +  2,4d, 

where  /  is  the  length  and  d  the  diameter  of  the  resonator. 

Notes  of  a  frequency  higher  than  100,000  have  been  produced  by  means  of 
this  sound  generator.     The  efficiency  of  the  generator  is  about  10  per  cent. 

If  the  narrow  aperture  of  a  bulb  is  introduced  in  the  jet,  a  note  is  also  pro- 
duced. The  frequency  of  this  note  is  mainly  determined  by  the  volume  of  the 
bulb,  by  the  width  of  the  aperture,  and  by  the  place  in  the  jet  where  it  is 
introduced.     This  method  affords  a  very  efficient  siren. 

The  Royal  Technical  College, 
Copenhagen. 

61.  The  Effect  of  a  Magnetic  Field  on  the  Absorption  of  X-Rays. 

By  Joseph  A.  Becker.    Introduced  by  F.  K.  Richtmyer. 

Effect  of  a  magnetic  field  on  the  absorption  of  x-rays,  if  it  can  be  measured, 
would  have  an  important  bearing  on  the  theory  of  atomic  structure.  Since 
the  effect  is  very  small,  a  differential  method  was  adopted  and  by  eliminating 
various  spurious  effects  the  apparatus  was  made  sensitive  enough  to  detect  a 
change  of  i  part  in  10,000.  Observations  were  made  with  a  peak  voltage  of 
80  across  the  Coolidge  tube  (mean  wave-length  about  0.3  A.)  and  with  a 
magnetic  field  H  of  about  18,000  gauss.  For  H  perpendicular  to  the  rays, 
aluminum,  carbon,  copper,  iron,  nickel,  platinum,  zinc,  and  silver  showed  changes 
in  absorption  coefficients  of  +  8  ±  6,  —  5.6  =fc  2,  +  0.8  ±  0.4,  —  10  =fc  2, 
+  1.6  ifc  0.5,  +  1.7  ±  0.4,  —  1.2  ±  0.4  and  +  1.6  ±  0.8,  parts  in  10,000 
respectively,  while  with  H  parallel  to  the  rays  the  corresponding  changes 
were  +  2.7  =fc  i,  +  3  ±  i,  +  1.4  =fc  i,  -  0.5  ±  2,  +  0.7  =fc  2,  +  i.i  ±  i  and 
+  1.3  ±  I  X  lo""*,  silver  not  being  tried.  These  results  are  in  accord  with 
the  hypothesis  that  the  magnetic  proi>erties  are  largely  determined  by  the 
outer  shell  or  valency  electrons,  since  at  the  wave-lengths  used  by  far  the 
greater  part  of  the  absorption  is  due  to  the  inner  electrons.  Wood  was  also 
tested  with  softer  rays  having  a  mean  wave-length  of  about  1.2  A.,  and  showed 
a  change  of  +  80  ±  20  X  lo""*  as  compared  with  3  X  io~*  for  carbon  for 
wave-length  0.3  A.  Following  the  suggestion  of  this  result  it  is  proposed  to 
do  further  work  with  light  elements  and  softer  x-rays. 
Cornell  University. 

62.   Formation  and  Life  of  Metastable  Helium. 

By  Fabian  M.  Kannenstine. 

Helium  arcs  were  formed  between  a  Wehnelt  cathode  and  nickel  anode  in  a 
pyrex  tube  containing  carefully  purified  helium.  A  voltage  of  about  35  volts 
from  a  battery  was  impressed  between  the  anode  and  cathode.     The  electrical 
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circuit  was  arranged  so  that  the  impressed  voltage  could  be  suddenly  reduced. 
The  arc  current  was  passed  through  the  deflecting  coils  of  a  sensitive  Braun 
tube  and  the  spot  was  examined  directly  and  with  a  rotating  mirror. 

On  suddenly  reducing  the  voltage  to  a  value  below  about  4  volts,  it  was  seen 
in  the  rotating  mirror  that  the  arc  was  extinguished  in  a  time  too  short  to  be 
so  observed.  When  the  lower  voltage  was  increased  to  about  4  volts  a  sudden 
change  occurred;  the  arc  died  out  gradually  in  a  time  that  could  be  readily 
observed,  indicating  the  possibility  of  maintaining  an  arc  in  the  metastable 
helium  formed,  with  about  4  volts  as  long  as  any  was  present.  With  the  lower 
voltage  22.6  volts  the  arc  continued  at  a  certain  value  for  a  brief  time  before 
dying  out,  while  with  23.6  volts  the  arc  current  decreased  in  two  stages,  which 
is  possibly  connected  with  the  fact  of  the  existence  of  two  radiating  potentials 
in  helium. 

This  interpretation  in  terms  of  the  presence  of  metastable  helium  was  also 
supported  by  Braun-tube  oscillograms  when  the  arc  was  excited  by  alternating 
electromotive  forces  of  various  frequencies.  With  60  cycles  the  arc  did  not 
strike  below  the  ionization  potential  of  helium  indicating  that  the  metastable 
helium  disappeared  during  the  negative  half  of  the  wave.  With  350  cycles  the 
arc  struck  at  about  4  volts  showing  that  the  metastable  helium  persisted  during 
half  a  cycle. 

The  theoretical  ionization  potential  of  metastable  helium  is  4.8  volts  and 
probably  is  to  be  identified  with  the  value  observed. 
University  of  Chicago. 
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ON  THE  NATURE  OF  THE  NEGATIVE  AND  POSITIVE  IONS 
IN  AIR.  OXYGEN  AND  NITROGEN. 

By  Henry  A.  Erxkson. 

Synopsis. 

Posiiive  and  Negative  Ions  in  Air,  Oxygen  and  Niirogen. — (i)  Mobilities  just  after 
formation  were  measured  by  using  a  modified  form  of  Zeleny's  blast  method.  Ions 
produced  in  air  by  polonium  ra3r8  were  drawn  immediately  by  a  current  of  470  cm./ 
sec.  into  one  side  of  a  cross  field  of  130  volts/cm.  and  the  distance  they  were 
carried  along  before  they  were  dragged  to  the  other  side  by  the  field  was  determined. 
When  the  average  age  of  the  ions  was  about  0.03  sec.  the  mobility  was  found  to 
be  the  same  for  both  positive  and  negative  ions  and  equal  to  that  for  normal  negative 
ions,  about  i .89  cm./sec. /volt/cm.  As  the  age  was  increased  to  0.5  sec.,  however,  the 
positive  mobility  decreased  to  its  normal  value,  about  1/1.40  times  the  negative 
mobility.  The  same  results  were  obtained  with  dry  commercial  oxygen  and  nitrogen, 
except  that  the  aging  of  the  positive  ion  was  more  rapid  in  oxygen.  (2)  Nature  of 
the  ions.  In  explanation  of  the  above  results  it  is  suggested  that  the  negative  ion  and 
the  initial  positive  ion  are  each  one  molecule  in  size  and  that  the  permanent  positive 
ion  is  two  molecules  in  size.  This  suggestion  agrees  with  the  view  that  when  ioni- 
zation occurs  an  electron  is  ejected  from  a  molecule,  leaving  a  positively  charged 
molecule,  an  initial  positive  ion,  which  does  not  immediately  acquire  the  second 
molecule  needed  to  form  a  permanent  positive  ion.  The  electron  attaches 
itself  to  a  molecule  and  forms  a  permanent  negative  ion.  It  is  also  shown  that 
the  observed  ratio  of  the  mobilities  for  ions  with  one  and  two  molecules  respectively 
agrees  with  that  computed  according  to  the  small  ion  theory  of  Wellisch^ 

T^HE  nature  of  the  positive  and  negative  ions  produced  in  air  by  an 
-^  ionizing  agent  is  a  question  of  considerable  interest.  It  has  not 
been  easy  to  obtain  conclusive  evidence. 

In  1900  Zeleny*  succeeded  in  determining  the  absolute  values  of  the 
mobilities  of  the  ions  in  question.  The  values  found  were,  for  the  nega- 
tive ion  1.87  cm./sec./volt/cm.,  and  for  the  positive  ion  1.36,  giving  the 
ratio  of  the  negative  mobility  to  the  positive  of  1.375. 

Each  of  the  above  ions  forms  a  stable  unit.  The  ratio  1.375  shows 
that  these  units  are  not  alike.  To  what  this  difference  is  due  is  a  question 
of  interest. 

»  Phil.  Trans.  A.  Vol.  195.  P-  I93- 
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About  two  years  ago^  it  occurred  to  the  writer  to  try  a  modified  form 
of  Zeleny's  blast  method. 
The  experimental  arrangement  was  as  indicated  in  Fig.  i.    A  and  B 
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Fig.  1. 


were  two  parallel  plates  5  cm.  wide,  40  cm.  long  and  4.5  cm.  apart.  C  was 
a  plate  about  12  cm.  long  placed  about  0.6  cm.  below  A.  A  and  C  were 
connected.  D  was  a  narrow  insulated  strip  placed  in  the  plane  of  B 
and  connected  to  a  quadrant  electrometer.  The  plate  B  and  strip  D 
were  movable  so  that  the  down  stream  distance  of  D  could  be  altered. 
The  sides  of  the  apparatus  were  of  glass. 

Air  from  the  room  was  drawn  through  this  rectangular  tube  by  means 
of  a  fan  driven  by  a  synchronous  motor.  Plate  B  was  kept  at  zero 
potential  while  A  was  raised  to  the  potential  of  the  battery  G.  In  order 
to  compensate  for  any  change  in  the  voltage  of  the  battery  G  during 
readings  the  air  condenser  K  was  introduced. 

A  polonium  plate  was  placed  at  C,  the  rays  from  which  ionized  the 
air  between  plates  C  and  A.  As  A  and  C  were  connected  there  was  no 
field  causing  the  ions  to  move  to  the  plates.  The  ions  were  carried  by 
the  air  to  the  mouth  of  this  chamber  where  they  entered  the  field  between 
A  and  B,  If  A  were  positive  the  positive  ions  were  driven  to  B,  and 
negative  to  i4. 

By  changing  the  down  stream  distance  of  the  strip  D  the  current  at 
the  diflferent  points  on  B  could  be  measured.  For  each  position  of  th^ 
strip  D  both  the  positive  and  negative  currents  were  measured  by 
reversing  5  leaving  the  conditions  otherwise  unchanged. 

The  velocity  of  the  air  was  obtained  by  means  of  an  anemometer. 
The  times  for  a  given  deflection  of  the  electrometer  for  the  positive  and 
negative  currents  at  diflferent  positions  of  D  were  obtained.  Upon  plot- 
ting the  reciprocals  of  these  times  against  the  down  stream  distances  of 
D  as  abscissae,  the  curves  shown  in  Fig.  2  were  obtained: 
To  the  writer's  surprise  these  two  curves  were  found  nearly  to  coincide, 
indicating  equal  mobilities  of  the  positive  and  negative  ions.  The  aver- 
age age  of  the  ions  in  this  case  was  of  the  order  of  0.03  second. 

»  Phys.  Rev.,  (2)  XVII..  p.  400;   (2)  XVIII.,  p.  100. 
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The  spreading  of  the  curves  is  due  primarily  to  the  slant  of  the  plate 
B  with  reference  to  the  direction  of  the  ionic  stream.  By  projecting  on 
a  plane  at  right  angles  to  the  ionic  stream  the  spreading  is  of  the  order 
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Fig.  2. 

of  3  cm.  instead  of  8  cm.  The  amount  of  spreading  due  to  the  self 
repulsion  of  the  ions  is,  on  each  pide,  of  the  order  of  0.5  cm.,  about  the 
thickness  of  the  current  sheet.  Deduc  ting  this  will  reduce  the  spreading 
to  about  1.5  cm.  which  is  undoubtedly  due  mainly  to  air  turbulence. 
Excessive  air  turbulence  was  however  not  present.  This  was  determined 
by  means  of  smoke  streams.  The  factors  given  above  are  of  an  order 
such  as  to  preclude  the  necessity  of  attributing  the  spreading  to  non- 
homogeneous  ions. 

The  absolute  value  of  the  mobility  may  be  determined  as  follows: 
Let  h  be  the  average  distance  the  ion  travels  at  right  angles  to  the  stream 
of  air  and  d  the  distance  it  travels  down  stream  in  the  same  time  i.    Then 


h  =  ftp, 


but 


V 


ft  = 


hHv 
Vd' 


where  H 
V 


distance  between  the  plates  -4,  5, 
difference  of  potential  between  plates  A,  5, 

V  ==  velocity  of  air, 

ft  =  mobility  of  ion. 


The  mobility  ft  therefore  varies  inversely  as  the  down  stream  distance  d. 
The  ratio  of  two  moJDilities  therefore  is 

fti  _  ^  * 

ft2      di 
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If  two  ions  have  the  same  mobility  their  down  stream  distances  d  are  the 
same. 

As  the  curves  for  the  positive  ion  and  the  negative  ion  came  super- 
imposed, the  conclusion  must  be  that  both  ions  had  the  same  velocity. 

The  next  question  of  interest  was  to  determine  if  the  mobility  repre- 
sented by  the  maxima  of  the  curves  was  the  normal  mobility  for  the 
negative  or  for  the  positive  ion. 

The  following  values  for  the  quantities  necessary  for  the  determination 
of  the  mobility  were  obtained: 

V  =  535  volts, 

d  —  8.2  cm.  (using  maximum  of  curve), 
h  =  4.2  (using  same  average  value  for  if), 

V  =  470  cm./sec. 

The  above  values  gives  for  the  mobility 

ft  =  1.89  volt/cm. 

As  this  is  of  the  order  of  the  normal  value  for  the  mobility  of  the  negative 
ion,  the  necessary  conclusion  is  that  the  positive  ion  involved  had  the 
same  mobility  as  the  normal  negative  ion. 

In  order  to  determine  if  the  age  of  the  positive  ion  had  any  effect  an 
extension  was  added  as  shown  in  Fig.  3.     The  polonium  plate  was  placed 
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Fig.  3. 

at  P  so  that  the  ions  were  of  the  order  of  0.5  second  old  when  they 
entered  the  field  at  B.    The  air  velocity  remained  the  same  as  before. 
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The  curves  obtained  for  the  positive  and  neg^ative  ions  are  shown  in 
Fig.  4.  As  the  maximum  for  the  negative  ion  remained  unchanged  it 
became  evident  that  the  poistive  ion  had  undergone  a  change  during 
the  first  fraction  of  a  second  of  its  life  as  its  maximum  had  shifted  down 
stream  indicating  a  slower  ion. 

The  same  change  was  obtained  when  the  ions  were  aged  by  reducing 
the  velocity  of  the  air,  the  polonium  plate  being  at  C,  Fig.  i.  The  curves 
A  and  B  in  Fig.  5  were  obtained  in  this  manner.    The  ratio  of  the  initial 
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mobility  to  the  final  mobility  is 

which  is  about  the  normal  ratio  for  air. 

The  significance  of  the  above  must  be  that  the  negative  and  positive 
ions  are  initially  alike  in  magnitude  and  that  the  positive  ion  soon 
increases  to  a  larger  stable  unit. 

In  order  to  determine  if  this  effect  is  peculiar  to  air  the  apparatus  was 
enclosed  so  that  oxygen  and  nitrogen  could  be  investigated  separately. 

The  gases  were  obtained  from  commercial  supply  tanks  and  were  dried 
by  passing  through  CaC^.  The  gases  were  not  of  a  high  degree  of  purity. 
The  ions  were  aged  by  reducing  the  gas  velocity. 

The  curves  obtained  are  given  in  Fig.  6. 

The  results  obtained  show  that  in  oxygen  and  nitrogen,  of  the  purity 
involved,  the  negative  ion  does  not  change.  The  positive  ion,  however, 
does  in  each  case  undergo  a  change.  It  is  also  observed  that  the  change 
in  the  mobility  of  the  positive  ion  in  oxygen  is  somewhat  more  rapid  than 
in  nitrogen. 

Statement  of  Hypothesis. — In  explanation  of  the  above  it  seems  most 
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reasonable  to  take  the  molecule  as  the  unit  in  terms  of  which  the  change 
takes  place.    On  this  basis  the  simplest  hjrpothesis  becomes  as  follows: 
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Fig.  6. 


In  the  process  of  ionization  of  air  one  of  the  atoms  of  the  nitrogen  or 
oxygen  molecules  is  caused  to  eject  an  electron,  the  molecule  otherwise 
remaining  intact.  The  electron  remains  free  on  the  average  a  very  small 
fraction  of  a  second  especially  in  the  presence  of  oxygen.  It  soon  attaches 
itself  to  a  neutral  molecule  and  this  combination  forms  the  negative  ion. 
The  positive  remainder  of  the  molecule  which  ejected  the  electron  con- 
stitutes the  initial  positive  ion.  As  the  two  above  ions  have  the  same 
mass  and  charge  their  mobilities  are  equal.  The  initial  positive  ion, 
however,  soon  attaches  itself  to  a  neutral  molecule  forming  the  permanent 
positive  ion.  Since  its  mass  is  twice  as  great  as  the  initial  positive  ion  or 
the  negative  ion,  it  has  a  smaller  mobility. 

Evidence  in  Support  of  Hypothesis. — It  is  of  interest  to  consider  the 
above  hjrpothesis  in  connection  with  the  small  ion  theory  proposed  and 
developed  by  Wellisch.^  In  this  theory  it  was  shown  that  the  collision 
distance  a  existing  between  two  uncharged  molecules,  changes  to 

<r[l  +  2R/mv'Yf^ 

when  one  of  the  molecules  is  charged.  R  denotes  the  potential  due  to 
the  polarization  of  the  neutral  molecule  by  the  charge  on  the  ion,  and 
its  value  is  shown  to  be 

2(K  -  1)^2 


i?  = 


im(5  +  5^)* ' 


»  Phil.  Trans.  A,  Vol.  209,  p.  249. 
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where  S  and  5*  are  the  diameters  of  the  force  spheres  of  the  molecule  and 
ion  respectively,  K  is  the  specific  inductive  capacity,  and  e  the  charge. 
The  collision  distance  thus  becomes 


'[■ 


4iK- 


2V_T'* 


immv*(S  + 
The  expression  for  the  reciprocal  of  the  mean  free  path  is 


X-»   =    Tft 


h^'"' 


This  when  the  new  expression  for  a  is  introduced  becomes 

Substituting  this  in  Langevin's  expression  for  the  mobility,  namely 

eL 


k  = 


MV 


gives  on  the  basis  of  equipartition  of  energy 


^-iiAm'-^'%-in-^B0U' 


where  M  —  the  mass  of  the  ion, 

m  =  the  mass  of  the  molecule, 
5*  =  diameter  of  force  sphere  of  ion, 
5  =  diameter  of  force  sphere  of  molecule. 


The  ratio  of  two  mobilities  becomes: 


,  (ffr(-^y"(-i)" 


"  (F.r(-fr(-f)" 

Using  Wellisch's  values  of 


1  + 


4(K  -  i)(? 


1  + 


Ttimv'iS  +  S,)\ 


-I 


3.70  for 


(K  -  !)«» 


and  placing  S'  =  aS  and  M  =  btn,  the  above  ratio  becomes 


^h  vr+y,  (I  +  ao{i  +  jf^] 
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Let  ki  =  mobility  of  ion  of  mass  m,  i.e.,  Mi  =  m,  5i  «■  S;  then  ai  =  i, 
61  =  I  and 

Jts  26.6 

The  above  expression  may  be  written 

*2  26.6 

where  /  is  a  function  of  aj.    The  function  /  is  a  minimum  for 

at  =  1.77. 

Using  this  value  of  at  in  /,  for  the  ion  of  mass  Afj  =  2m,  i.e.,  6  =  2, 
gives  for  the  ratio 

It  is  thus  seen  that  the  initial  ion  of  Afj  =  m  and  final  ion  of  Af  =  2m  of 
the  hypothesis  gives  a  mobility  ratio  of  1418  when  the  diameter  of  the 
force  sphere  of  the  final  ion  is  1.77  times  that  of  the  molecule  m.  This 
is  in  satisfactory  agreement  with  the  observed  ratio  1.40. 

It  is  necessary  to  determine  if  other  values  of  b  and  a  will  give  the 
observed  ratio  1.40. 

Since  /  is  a  minimum  for  a  =  1.77  it  is  evident  that  values  of  Mt 
greater  than  2m  will  give  ratios  which  for  all  values  of  at  will  be  too  large. 
For  values  of  the  mass  of  the  ion  less  than  2m,  only  two  cases  are  possible 
namely,  Mt  =  m  and  Mt  =  3/2m  (three  atoms).  For  each  of  these 
there  are  two  values  of  at  either  of  which  will  give  the  observed  mobility 
ratio  as  may  be  found  by  substituting  1.40  for  the  ratio  and  solving  for  at. 
These  are 

at  =  0.58  and  3.87  for  Af 2  =  m 
and 

at  =  0.96  and  2.92  for  Mt  =  3/2m. 

As  the  change  in  size  is  of  the  nature  of  an  addition  to  the  solid  kernel, 
the  charge  remaining  the  same,  the  above  values  are  quite  untenable. 
The  observed  ratio  is  therefore  obtained  only  in  the  case  of  an  ion  two 
molecules  in  size. 

Since  V2m/m  =  V2  =  1.414,  is  in  fair  agreement  with  the  observed 
ratio  of  the  mobilities,  the  above  suggests  that  in  any  one  gas  the  mobility 
is  approximately  proportional  to  the  inverse  square  root  of  the  mass  of 
the  ion. 
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The  velocity  in  the  direction  of  the  field  X,  obtained  by  an  ion  in  the 
time  /,  is 

where  /  is  the  mean  free  time  between  collisions.  The  average  velocity 
of  drift  will  therefore  be 

-      Xe  ^ 

2M 

and  the  mobility,  which  is  the  coefficient  of  X,  is 

2M 

The  value  of  t  is  determined  by  the  velocity  of  temperature  agitation  and 
the  velocity,  which  is  superimposed,  due  to  the  field.  As  the  former  is 
large  compared  to  the  latter,  t  may  be  regarded  as  entirely  determined  by 
the  velocity  of  temperature  agitation  V,    We  may  consequently  write 

where  X  is  the  mean  free  path  ot  the  ion. 
The  mobility  then  is 

h        ^^ 

Substituting,  on  the  basis  of  equipartition  of  energy,  the  value  of  V 
obtained  from  the  relation 

i/2MV^  =  3I2RT 
gives  the  mobility 

, e\ 

^  2^lM  ^RT 

The  ratio  for  two  sets  of  ions  then  becomes 

*2       VilfiX, 

The  statement  that  the  ratio  of  the  mobilities  of  two  ions  in  any  one  gas 
is  proportional  to  the  inverse  ratio  of  the  square  root  of  their  masses, 
therefore  requires  that  their  mean  free  paths  be  the  same.  This  would 
be  the  case  if  the  mean  free  path  is  determined  primarily  by  the  charge. 
The  indication  of  all  the  above  is  that  the  final  positive  ion  has  a  mass 
which  is  twice  the  mass  of  the  initial  positive  ion. 
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The  question  then  becomes:  Is  one  justified  in  assuming  that  the  initial 
positive  ion  is  one  molecule  in  size?  It  is  evident  that  this  question  must 
be  answered  through  a  knowledge  of  the  ionization  process. 

The  strongest  evidence  at  the  present  time  is  the  existence  of  free 
electrons  at  the  instant  of  ionization.  The  results  obtained  by  Franck, 
Haines,  Wellisch,  Loeb  and  others  are  conclusive  on  this  point.  On  the 
strength  of  this  we  would  conclude  that  the  ionization  process  consists 
in  the  ejection  of  an  electron.  The  next  obvious  step  is  to  assume  that 
the  electron  attaches  itself  to  a  neutral  molecule  rather  than  an  atom. 
The  chance  of  the  first  must  be  very  much  greater  than  the  second.  If 
this  takes  place  then  the  negative  ion  is  one  molecule  in  size.  If  it  is 
larger  than  one  molecule  the  early  transition  stages  should  be  detectible 
experimentally.  Different  transition  stages  have  not  been  observed  in 
these  experiments. 

If  the  negative  ion  is  one  molecule  in  size  then  the  initial  positive  ion 
must  be  one  molecule  in  size,  since  their  mobilities  are  the  same. 

As  shown  above  the  indications  are  that  the  final  positive  ion  is  two 
molecules  in  size.  If  it  is  larger  than  this  the  transition  stages  should  be 
detectible  experimentally.  This  in  connection  with  the  ion  in  question 
is  not  observed  in  this  investigation. 

It  is  of  interest  to  note  that  on  the  basis  of  the  above,  the  mobilities 
1-32,  1.53,  1.87,  2.64  may  be  predicted  corresponding  respectively  to  the 
ions  of  masses,  two  molecules,  three  atoms,  one  molecule,  one  atom. 

There  has  just  come  to  my  hands  a  paper  by  Nolan  and  Harris^  in 
which  results  are  given  which  are  interpreted  as  indicating  the  presence 
of  several  mobilities.  Among  these  for  the  positive  as  determined  by  a 
blast  method  are 

(2.5),  2.04.   1.79  1.52  1.37. 

Evidence  of  2.5  was  only  obtained  by  an  A.C.  method.    Of  these  five 

values  four  are  predicted  by  the  above. 

I  am  glad  to  take  this  opportunity  of  expressing  my  indebtedness  to 

Professor  W.  F.  G.  Swann  and  to  Professor  John  T.  Tate  for  their  helpful 

suggestions  and  kind  interest. 

Physical  Laboratory, 

Univbrsity  of  Minnesota, 
March  9,  1923. 

1  Proc.  Roy.  Irish  Acad..  XXXVI..  A.  2,  p.  31. 
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PHENOMENA   IN  GASES  EXCITED   BY  RADIO 
FREQUENCY  CURRENTS. 


By  B.  O.  Hulburt. 


Synopsis. 


Undamped  Radio  Frequency  Vacuum  Discharges  through  Hydrogen,  Oxygen  and 
Air. — (i)  The  spectra,  5000-3500  A.,  were  found  to  be  the  same  for  frequencies  of 
3  X  10*  to  4  X  10*  as  for  60  cycles,  with  currents  of  the  same  strength.  (2)  The 
minimum  discharge  potentials  for  electrode  distances  from  5  to  30  mm.  and  pressures 
of  from  I  to  5  mm.  of  mercury  were  also  found  to  be  independent  of  the  frequen- 
cy and  the  same  as  for  direct  currents.  A  theoretical  discussion  of  this  result  leads 
to  the  conclusion  that  the  discharge  is  initiated  by  collisions  of  electrons,  rather 
than  of  gaseous  ions,  with  gas  molecules.  (3)  Persistence  of  each  discharge  was 
studied  with  the  aid  of  a  mirroi  rotating  200  times  per  second.  Damped  discharges 
with  a  frequency  of  10*  cycles  or  less  showed  separate  flashes  but  those  with  higher 
frequencies  were  blended  together.  This  difference  may  perhaps  be  due  to  the 
limitations  of  the  apparatus  used.  With  damped  oscillations  the  color  of  the 
discharge  phanged  with  the  voltage  as  would  be  expected. 

Introductory. 

LITTLE  is  known  of  the  behavior  of  gases  stimulated  into  luminosity 
by  alternating  electric  currents  of  radio  frequency  and  the  present 
investigation  was  undertaken  for  the  purpose  of  obtaining  information 
on  this  subject.  By  radio  frequency  we  mean  the  range  of  frequencies 
usually  employed  in  the  radio  art,  i.e.,  the  range  between  10*  and  10^ 
alternations  per  second.  The  description  of  the  work  is  taken  up  in 
three  parts  as  follows,  the  radio  frequency  spectra,  the  p)Otentials  neces- 
sary to  set  up  luminosity,  and  the  radio  frequency  flashes  of  light. 

The  Radio  Frequency  Spectra. 
Numerous  experiments  on  electrically  excited  gases  have  been  per- 
formed concerning  the  relations  between  the  type  of  electrical  excitation 
and  the  spectrum  of  the  luminous  gas  and  in  some  cases^  potentials 
alternating  at  radio  frequencies  have  been  used.  Recently  Dunoyer*  has 
discovered  new  spectra  from  certain  metallic  vapors  by  the  use  of  damped 
radio  frequency  currents.  None  of  these  experiments,  however,  tell 
definitely  the  effect,  if  any,  on  the  spectrum  of  the  gas  occasioned  by  the 
frequency  of  the  alternating  current.  The  advent  of  the  oscillating 
electron-tube  methods  of  generating  radio  frequency  currents  has  ren- 

•»  VHedemann  and  Ebert.  Wied.  Ann..  50,  221,  1893;  Himstedt.  Wied.  Ann..  52,  473,  1894. 
*Comptes  Rendus,  173.  350,  1921;  173.  472,  1921. 
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dered  possible  a  direct  answer  to  this  question  and  the  present  work  has 
been  undertaken  with  this  in  view.  It  may  be  stated  in  advance  that 
for  the  cases  here  investigated  the  spectrum  of  the  gas  remained  un- 
changed when  the  frequency  was  increased  from  sixty  to  a  million  or 
more  cycles  per  second,  other  factors  being  kept  constant. 
An  electron-tube  oscillating  circuit  was  arranged  for  the  production  of 
currents  of  frequencies  from  0.43  X  10^  to  10*  cycles  per  second,  i.e., 
wave-lengths  from  70  to  3,000  meters.  The  tube  was  a  fifty  watt  pwwer 
tube  with  1,000  volts  on  the  plate  and  a  filament  current  of  6.5  amperes. 
By  means  of  this  generating  circuit  radio  frequency  current  could  be 
induced  in  coil  b,  Fig.  1,  which  was  in  series  with  a  variable  air  condenser 
c  and  a  hot  wire  ammeter  a.  By  means  of  a  switch  s  the  end-on  discharge 
tube  d,  which  was  in  series  with  the  thermogalvanometer  t,  could  be 
connected  either  across  c  or  to  the  high  potential  terminals  ot  a  }4  kw., 
25,000  volt  transformer  p  actuated  by  6o-cycle  current.    The  discharge 


to  pump 


Fig.  1. 

tube  was  of  glass  with  aluminum  electrodes  arranged  out  of  line  with  the 
capillary.  The  capillary  was  10  cm.  long  and  with  an  internal  diameter 
of  5  mm.  Hydrogen,  oxygen,  and  air,  purified  by  sodium  hydroxide 
solution,  sulphuric  acid  and  phosporous  pentoxide,  at  a  pressure  of  3  mm. 
or  less  were  used  in  the  tube.  The  generating  circuit  and  the  circuit  be 
were  tuned  to  the  desired  frequency.  With  4  amperes  through  a  and 
with  c  adjusted  to,  say,  500  fifiF,  the  discharge  tube  glowed  brilliantly. 
The  increase  in  the  current  through  the  tube  when  luminosity  occurred 
was  about  one  half  of  a  milliampere.  When  the  6o-cycle  transformer 
was  used  the  current  through  /  was  adjusted  to  be  one  half  of  a  milli- 
ampere. 

The  spectra  were  photographed  throughout  the  region  from  5000  A 
to  3500  A  in  the  first  oijder  of  a  concave  grating  of  two  meters  radius  of 
curvature  ruled  14435  lines  to  the  inch.  The  spectra  of  hydrogen,  oxy- 
gen and  air  excited  by  currents  of  frequencies  60,  3  X  10*,  lo*  and 
0.43  X  10^  were  recorded,  and  in  all  cases  the  spectrum  was  found  to  be 
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unmodified  by  the  change  in  frequency.  With  hydrogen  about  three 
hundred  lines  of  the  secondary  spectrum  and  a  faint  continuous  back- 
ground appeared  on  the  plates.  The  Balmer  lines  were  faint.  Oxygen 
exhibited  the  fine-lined  band  spectrum.  Air  showed  the  oxygen  and 
nitrogen  lines. 

The  Potential  Necessary  to  set  up  Luminosity. 

Measurements  of  the  potentials  just  sufficient  to  set  up  luminosity 
in  a  gas  for  radio  frequency  and  direct  currents  yielded  information  con- 
cerning the  cause  of  the  luminosity.  For  this  purpose  a  bulb  was 
equipped  with  disc  electrodes  1.5  cm.  in  diameter  whose  distance  apart 
could  be  varied.  The  potential  difference  of  the  electrodes  was  meas- 
ured by  an  electrostatic  voltmeter.  The  maximum  reading  of  the  in- 
strument was  1,000  volts  and  above  200  volts  the  indications  were  accu- 
rate within  10  volts.  To  make  a  measurement  the  potential  difference 
of  the  electrodes  was  increased  very  slowly  and  the  voltage  observed 
when  the  bulb  suddenly  burst  into  luminosity.  Table  I.  shows  a  series 
of  readings  for  hydrogen  when  the  electrodes  were  14  mm.  apart.  In 
the  table  the  numbers  for  the  alternating  voltages  were  the  maximum 
values  of  the  voltages,  and  were  obtained  by  multiplying  the  electro- 
meter readings  by  V^^    The  conclusion  from  Table  I.  and  from  similar 

Table  i. 


Pretsoreia 

Frequeaey. 

Mfluof  Hg. 

0 

60 

0.86  X  xo« 

5.3  X  xo« 

3.4 

640  volts 

430 

410 

635 
436 
424 

652 
436 
404 

642 

2.0 

424 

0.9 

409 

tables  for  hydrogen  and  oxygen,  for  electrode  distances  from  5  to  30 
mm.  and  for  pressures  from  i  to  5  mm.  of  mercury,  was  that  for  a  speci- 
fied electrode  distance  and  gas  pressure  the  voltage  just  sufficient  to  pro- 
duce luminosity  did  not  change  when  the  frequency  was  varied  over  a 
wide  range. 

We  turn  to  a  consideration  of  the  electron  theory  in  this  connection. 
It  is  known  that  luminosity  is  set  up  when  collision  occurs  between  a 
molecule  of  the  gas  and  an  electron  or  ion  which  has  acquired  a  certain 
critical  velocity.  A  molecule  or  atom  may  acquire  sufficient  energy  to 
become  luminous  not  only  by  a  single  violent  encounter  but  also  by  the 
accumulation  of  energy  from  a  succession  of  milder  encounters.     It  is 
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reasonable  to  suppose  that  the  luminosity  is  begun  by  a  single  violent 
encounter,  for  this  process  is  conceivably  much  quicker  than  the  other. 
We  proceed  to  find  an  expression  for  the  critical  velocity  of  the  ion  par- 
taking in  the  violent  encounter  in  the  case  of  a  steady  electric  field  and 
of  an  alternating  electric  field. 

We  assume  a  Lorentz  contractile  electron  of  charge  e  and  mass  m  for 
small  velocities.  The  electron  moves  from  rest  under  the  influence  of  a 
homogeneous  steady  electric  field  E  which  is  in  the  direction  of  the  X 
axis.  The  effects  on  the  motion  due  to  radiation  from  the  accelerated 
electron  are  neglected.  If  c.g.s.  electromagnetic  units  are  used  the 
equation  of  motion  of  the  electron  is  in  Newtonian  notation 

where  x  is  the  positional  codrdinate  of  the  electron,  and  c  is  the  velocity 
of  light  in  vacuo.  With  initial  conditions  /  =  jc  =  i  =  o,  the  solution 
of  (i)  is  found  to  be 

ct 


4 


and 


\c*m*  ^  ^  (2) 


Eliminating  the  time  t  between  (2)  and  (3)  gives 

(4) 


^^ 


2xm 


X      w_ 

Suppose  the  electron  to  move  in  an  alternating  electric  field  of  ampli- 
tude £1,  and  frequency  a)/2T.  The  effects  upon  the  motion  due  to  radia- 
tion from  the  field  and  the  electron  are  neglected.  Letting  the  subscript  i 
denote  the  alternating  potential  case,  the  equation  of  motion  of  the  elec- 
tron is 

With  initial  conditions  t  ^  xi  ^  Xi  ^  o,  the  solution  of  (5)  is 

Eicc  , 
sin  wt 

i,  -  ^  _  (6) 
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c^  H ri  sin*  wt 
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and 

jc  =  -  I  cos"^(a  COS  «/)  —  C05~^  a  L 


(7) 


where 


Eie 
m 


(8) 


Eliminating  t  between  (6)  and  (7)  gives 

yjc?  —  cos*( — ^  +  cos"^  j 
h  cos^  a   I 


(9) 


When  E  and  £1  are  the  potentials  just  sufficient  to  set  up  luminosity 
we  may  equate  (4)  and  (9). 
This  leads  to 


\? + ^  = ,  \  ***-  °^*(^'  +°^"'«) 


X      m  .    /W,  \ 


(10) 


Where  a  is  given  by  (8),  and  x  and  JCi  are  now  the  distances  the  elec- 
tron travels  before  it  attains  the  critical  velocity  for  the  direct  and  alter- 
nating potential  cases,  respectively.  When  «  =  o  (10)  becomes  an 
identity.  Further,  if  elm  refers  to  the  charged  atom  or  molecule  and 
not  to  the  electron,  the  variatioaof  mass  with  velocity  may  be  neglected, 
and  (10)  simplifies  to 

EiXi  -  E,x  ^     ^^     .  (11) 

We  now  make  use  of  the  experimental  fact  that  within  the  error  of 
experiment  E  was  equal  to  £1  for  all  the  cases  examined.  The  following 
numerical  values  were  chosen:  elm  =  1.77  X  10^  for  the  electron,  a>  =* 
10^,  jc  =  JCi  =  I,  and  c  =  3  X  10"*.  x  and  Xi  were  unknown,  but  since 
they  could  not  be  greater  than  the  distance  between  the  electrodes  we 
have  taken  them  to  be  of  the  order  of  one  centimeter.  Their  exact 
values  are  of  little  importance  in  the  calculations  from  (10).  When  these 
values  are  substituted  in  (10)  it  is  found  that  £1  is  greater  than  £  by  a 
quantity  of  the  order  of  magnitude  of  one  thousandth  part  of  a  volt,  and 
that  not  until  wxi  becomes  as  large  as  c  does  Eb  differ  appreciably  from 
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El.  This  is  in  accord  with  the  experimental  results.  If  we  chose  the 
value  of  elm  for  the  hydrogen  molecule,  i,e,,  0.5  X  10*,  «  =  10^,  x  = 
jci  =  I,  and  c  =  3  X  10^®,  up)on  substitution  in  (11)  we  find  £1  —  £  = 
100  volts  and  for  the  oxygen  molecule  £1  —  £  =  1600  volts.  Of  course 
it  is  not  permissible  to  use  x  =  xi  in  (11),  but  since  X\  must  always  be 
greater  than  x  the  values  of  £1  —  £  just  given  are  minimum  values. 
Further  it  is  seen  from  (11)  that  £1X1  —  Ex  increases  with  (jf.  These 
results  are  clearly  at  variance  with  the  experimental  results.  We  there- 
fore conclude  that  the  charged  particle  which  collides  with  the  gaseous 
molecule,  thereby  originating  the  luminosity  in  the  gas,  is  the  electron. 
After  luminosity  has  once  set  in  subsequent  ionization  is  caused  by  both 
electrons  and  charged  molecules  or  atoms  as  J.  J.  Thomson  and  others 
have  shown. 

The  Radio  Frequency  Flashes. 

In  order  to  determine  whether  the  luminosity  of  a  gas  stimulated  by 
radio  frequency  current  flickered  at  a  radio  frequency  the  discharge  tube 
d,  Fig.  2,  excited  by  damped-wave  radio  frequency  current  was  pointed 
at  a  mirror  m,  3  cms.  square,  about  four  meters  distant,  which  rotated 
12,000  times  per  minute.  The  light  reflected  from  the  mirror  was  ob- 
served in  a  low-power  telescope  A.  Fig.  2  shows  the  arrangement.  The 
25,000  volt  transformer  p  charged  the  condenser  c  which  discharged 
through  the  coil  ft,  the  tube  d,  the  hot-wire  ammeter  a,  and  the  spark 
gap  g.    When  the  mirror  was  rotated  the  flashes  from  the  tube  were  seen 


rc\ 


^D 


spread  out  into  streaks  of  light.  Each  streak  consisted  of  a  series  of 
separate  flashes  occurring  at  the  frequency  of  the  radio  frequency  cur- 
rent through  the  gas.  The  general  appearance  is  sketched  in  Fig.  3. 
Observations  on  hydrogen,  oxygen,  air,  and  argon  showed  that  the  radio 
frequency  striations  were  discemable  for  frequencies  as  high  as  lo',  but 
for  frequencies  greater  than  this  the  streak  appeared  continuous.  The 
shortness  of  the  time  of  a  dark  striation  is  worthy  of  remark.  For 
example,  in  the  case  of  hydrogen  at  3  mm.  pressure  a  frequency  of  0.86  X 
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10*  produced  dark  striations  whose  length  and  intensity  were  perhaps 
one  tenth  of  the  length  and  intensity  of  a  bright  striation.  Thus  in 
6  X  lO"^  seconds  the  intensity  of  the  gas  passed  from  a  high  value  to  a 
low  one  and  back  to  a  high  value  again.  The  fact  that  there  was  an 
upper  limit  of  frequency  above  which  no  striations  could  be  seen  was  due 
in  part  to  the  limitations  of  the  apparatus,  and  in  part  to  the  greater 
damping  of  the  oscillations  at  the  higher  frequencies  as  shown  by  the 
shortness  of  the  streak  and  the  logarithmic  decrement  of  the  circuit. 
The  non-appearance  of  the  dark  striations  may  also  have  been  caused 
by  the  persistence  of  the  luminosity,  for  W.  Wien^  and  G.  Mie*  have 
shown  in  the  case  of  the  light  from  canal  rays  of  hydrogen  and  oxygen 
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Fig.  3. 

that  the  time  for  the  luminosity  to  decrease  to  i/c^th  of  its  value  was  of 
the  order  of  lO"*  seconds. 

With  hydrogen  or  argon  in  the  discharge  tube  the  first  one  or  two 
flashes  of  a  radio  frequency  series,  such  as  pictured  in  Fig.  3,  were  nearly 
white,  the  next  few  flashes  pink,  and  the  last  flashes  red.  The  cause  of 
this  was  attributed  to  the  energy  distribution  in  the  visible  spectrum  of 
the  gas.  In  the  case  of  hydrogen  the  condenser  discharge  brought  out 
the  Balmer  lines  strongly  with  the  secondary  spectrum  relatively  weak. 
The  first  few  flashes  owed  their  whiter  color  to  the  predominance  of  H^ 
and  Hy  caused  by  the  relatively  great  intensity  of  the  first  few  oscilla- 
tory discharges  of  the  condenser.  As  the  discharges  become  less  violent 
H^  became  more  prominent  and  colored  the  later  flashes  red. 

State  University  op  Iowa, 
March,  1922. 

'  Ann.  d.  Phy^.,  66,  229.  192 1. 
*  Ann.  d.  Phys.,  66,  237,  1921. 
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THE  EFFECT  OF  THE  MAGNETIC  FIELD  ON  THE 
ABSORPTION  OF  X-RAYS. 

By  Joseph  A.  Becker. 

,  Synopsis. 

Effect  of  a  magnetic  field  on  the  absorption  of  x-rays,  if  it  can  be  measured,  would 
have  an  important  bearing  on  the  theory  of  atomic  structure.  Since  the  effect  is 
very  small,  a  differential  method  was  adopted  and  by  eliminating  various  spurious 
effects  the  apparatus  was  made  sensitive  enough  to  detect  a  change  of  z  part  in 
10,000.  Observations  were  made  with  a  peak  voltage  of  80  kv.  across  the  Coolidge 
tube  (mean  wave-length  about  0.3  A.)  and  with  a  magnetic  field  H  of  about  18.000 
gauss.  For  H  perpendicular  to  the  rays,  aluminum,  carbon,  copper,  iron,  nickel, 
platinum,  zinc,  and  silver  showed  changes  in  absorption  coefficients  of  +  8  d:  6, 
—  5.6  ±  2.  +  0.8  ±  0.4,  —  10  ±2,  -f  1.6  ±  0.5.  +  1.7  ±  0.4.  —  1.2  ±  0.4  and 
+  1-6  d:  0.8  parts  in  10,000  respectively,  while  with  H  parallel  to  the  rays  the 
corresponding  changes  were  +  2.7  ±  i,  +  3  ±  i,  +  1.4  ±  i.  —  0.5  ±  2,  +  0.7  ±  2. 
+  I.I  ±1  and  -h  1.3  ±  I  X  io~*,  silver  not  being  tried.  These  results  are  in 
accord  with  the  hypothesis  that,  the  magnetic  properties  are  largely  determined  by 
the  outer  shell  or  valency  electrons,  since  at  the  wave-lengths  used  by  far  the 
greater  part  of  the  absorption  is  due  to  the  inner  electrons.  Wood  was  also  tested 
with  softer  raj^  having  a  mean  wave-length  of  about  1.2  A.,  and  showed  a  change 
of  -|-  80  ±  20  X  io~*  as  compared  with  3  X  io~*  for  carbon  for  wave-length  0.3  A. 
Following  the  suggestion  of  this  result  it  is  proposed  to  do  further  work  with  light 
elements  and  softer  x-rays. 

Differential  Method  of  Measuring  Small  Changes  of  Intensity  of  an  X-ray  Beam. — 
The  apparatus,  which  includes  two  similar  ionization  chambers  connected  so  that  the 
ionization  currents  nearly  neutralize  each  other,  is  described  in  detail  together 
with  the  precautions  necessary  to  eliminate  various  sources  of  error  and  to  attain 
the  sensitivity  mentioned  above. 

Bumstead  Electroscope, — A  simple  type  is  described.  Care  should  be  taken  to 
eliminate  convection  currents  within  the  instrument. 

THE  following  investigation  was  undertaken  because  of  the  convic- 
tion that  the  structure  of  the  atom  cannot  be  satisfactorily 
explained  without  taking  into  account  magnetic  forces.  It  was  hoped 
that  an  applied  magnetic  field  would  orient  the  ultimate  magnetic  particle 
and  that  this  shifting  would  result  in  a  measurable  change  in  the  absorp- 
tion of  x-rays.  A  study  of  this  effect  would  throw  a  new  light  on  the 
nature  of  the  ultimate  magnetic  particle  and  on  its  function  in  the  atom. 
This  search  is  not  new.  In  1914  and  1916  Dr.  Forman^  sought  for 
this  effect  in  iron.  In  his  second  paper  he  reports  an  increase  in  absorp- 
tion of  five  to  seven  parts  in  a  thousand  when  iron  is  magnetized  in  a 
direction  parallel  to  the  x-ray  beam.    Soon  thereafter  A.  H.  Compton* 

*  Phys.  Rev.,  3,  306-313.  1914  and  7,  11^124.  1916. 

*  J.  Wash.  Acad.  Sci.  8,  i,  1918  and  Phys.  Rev.,  74.  20-43  and  247-259,  1919. 
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developed  his  theory  of  scattering  and  later  stated  "that  the  effect 
observed  by  Forman  is  of  the  order  of  magnitude  to  be  expected  if  the 
electrons  are  rings  of  electricity  which  are  oriented  by  the  magnetic 
field."  ^  This  led  him  to  look  for  a  change  in  7-ray  absorption  in  magne- 
tized and  unmagnetized  iron.  He  reports  negative  results  of  .023  zt  .018 
and  .004  zt  .019.' 

Since  1916  our  knowledge  of  x-ray  production  and  absorption,  as  well 
as  the  technique  of  control  and  measurement,  has  advanced  sufficiently 
to  warrant  a  repetition  of  Forman's  work  as  well  as  an  extension  to  other 
materials  than  iron. 

Apparatus. 

The  method  used  is  essentially  a  differential  one  and  is  necessarily 
so  because  the  changes  sought  are  small. 

The  general  arrangement  of  apparatus  was  much  the  same  as  that 
used  by  Forman.  A  radiation-type,  tungsten-target  Coolidge  tube,  T,* 
is  practically  completely  enclosed  in  a  lead  box  L,  Fig.  i ,  and  sends  two 
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Fig.  1. 

beams  of  x-rays  through  three  pairs  of  preliminary  lead  slits,  through  the 
absorbers  A  and  A\  and  into  two  identical  ionization  chambers  I\  and 
/j.  The  rods  Ri  and  R\  are  connected  together  and  to  the  leaf  of  a 
Bumstead  electroscope  £.'  This  system  can  be  earthed  by  means  of  a 
mercury-break  key,  and  is  shielded  from  electrostatic  disturbances  by  a 
tin  shield  5A.  The  casings  of  the  ionization  chambers,  as  well  as  the 
movable  plates  of  the  electroscope,  are  connected  to  the  terminals  of  a 
420-volt  battery  of  dry  cells,  jB,  whose  middle  pwint  is  earthed.     G  is  a 

*  Phys.  Rev.,  17.  38-41,  1921. 

*  Very  kindly  placed  at  the  disposal  of  Prof.  Richtmyer  by  Dr.  Coolidge. 

*  Am.  J.  of  Sci.,  J2,  405-406,  1911  and  Phil.  Mag.,  22,  910,  1911. 
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glass  tube  connecting  the  two  chambers.  M  is  a  powerful  electromagnet 
of  Swiss  type.  The  diameter  of  the  face  of  the  pole-pieces  was  2  cm.  in 
the  first  part  of  the  investigation  and  4  cm.  in  the  second  part.  A  is  a 
holder  to  be  described  in  detail  later.  P  is  a  rectangular  opening  of  lead, 
the  upper  edge  of  which  is  attached  to  a  slow  motion  screw. 

The  procedure  is  as  follows:  one  specimen  is  placed  between  the  pole- 
pieces,  while  an  exactly  similar  one  is  placed  in  front  of  D.  The  size  of 
the  slit  at  D  is  varied  until  practically  no  net  charge  accumulates  on  the 
rods  RiRt  and  the  leaf  shows  either  a  small  rate  of  drift  or  none  at  all. 
The  magnet  is  energized.  If  the  absorption  of  the  specimen  in  the  field 
is  increased,  the  ionization  in  I2  will  decrease,  and  the  leaf  will  show  a 
change  in  the  rate  of  drift  (A6)  where  d  is  the  rate  of  drift  in  divisions  per 
minute.  By  subsequently  determining  how  much  the  height  of  the  slit 
at  D  must  be  increased  to  produce  the  same  Ad  we  can  compute  A///, 
the  proportional  change  in  the  intensity  of  the  transmitted  beam.  Then 
by  means  of  a  formula  to  be  developed  later  we  can  compute  A/u/m,  the 
proportional  change  in  the  absorption  coefficient  due  to  the  field  H. 

Since  the  effect  is  small  it  is  necessary  to  be  able  to  keep  the  two 
ionization  currents  balanced  to  within  i  or  2  parts  in  10,000.  Con- 
sequently every  effort  was  made  to  reduce  the  errors  to  a  minimum. 
The  larger  part  of  the  time  was  taken  up  in  determining  and  eliminating 
spurious  changes  in  6.  The  following  list  gives  the  chief  factors  to  be 
guarded  against. 

Sources  of  Error. 

(a)  Electrostatic  effects. 

(b)  Unsteadiness  of  leaf  of  electroscope. 

(c)  High-resistance  leaks. 

(d)  Stray  x-radiation. 

(e)  Slight  changes  in  the  position  of  the  focal  spot. 
(/)  Changes  of  current  through  the  tube. 

{g)  Peculiarities  of  the  ionization  chambers. 

(A)  Effect  of  the  magnetic  field  on  the  tube  or  ionization  chambers, 
(t)   Movement  of  the  specimen  caused  by  H  or  by  the  slight  shifting  of 
the  pole-pieces. 

To  show  how  these  errors  were  eliminated  it  is  necessary  to  give  a 
detailed  description  of  the  apparatus. 

The  Electroscope. 
Fig.  I  shows  a  detail  drawing  of  the  electroscope.     It  can  be  con- 
structed by  an  amateur  mechanic  in  a  short  time.    The  brass  box  was 
made  detachable,  but  the  joints  were  sealed  with  wax  to  make  them 
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'air  tight.  The  plates  and  the  leaf  are  adjustable.  Sulphur  insulation 
was  found  convenient  and  satisfactory.  The  position  of  a  definite  point 
on  the  gold-leaf  was  observed  through  a  low-p)Ower  microscope  with  a 
50-division  scale  in  the  ocular.  These  50  divisions  correspond  to  approxi- 
mately 2  mm.  At  first  considerable  difficulty  was  encountered  in  keeping 
the  grounded  leaf  at  rest.  The  trouble  was  finally  ascribed  to  heat 
convection  currents,  and  was  eliminated  by  completely  enclosing  the 
instrument  with  a  cardboard  housing.  The  working  sensitivity  of  the 
leaf  was  about  80  div.  per  volt  on  the  leaf.  This  sensitivity  could  easily 
have  been  increased  four  or  five  fold  by  either  lowering  the  leaf,  moving 
both  plates  closer,  or  by  increasing  the  voltage  on  the  plates.^  At  the 
high  sensitivities  it  becomes  somewhat  more  difficult  to  keep  the  position 
of  the  leaf  steady.  Unsymmetrical  changes  of  voltage  on  the  plates 
were  about  one  fifth  as  effective  in  deflecting  the  leaf  as  the  same  voltage 
on  the  leaf,  e.g.,  if  the  ground  is  shifted  one  volt  the  resultant  deflection 
is  the  same  as  if  the  leaf  had  been  charged  to  .2  volt.  This  fact  necessi- 
tated keeping  the  relative  voltages  on  the  plates  constant  to  within  10 
millivolts.  When  not  too  old,  the  dry  cells  proved  satisfactory  so  long 
as  their  temperature  was  kept  constant. 

The  drift  in  the  leaf  due  to  change  of  plate  voltage,  high  resistance 
leaks,  and  electrostatic  disturbances  was  seldom  more  than  5  divisions 
in  half  an  hour.  Neither  was  the  rate  of  drift  increased  by  running  the 
x-ray  tube  with  the  openings  at  h  and  D  closed  by  small  lead  plates.  This 
shows  that  the  first  four  sources  of  error  mentioned  above  were  effectively 
eliminated.  To  accomplish  this  it  was  found  essential  completely  to 
inclose  the  tube  with  lead  and  put  up  the  preliminary  screens. 

Sources  of  error  e,  /,  and  g  were  found  by  repeatedly  observing  that  8 
would  change  radically  whenever  the  current  through  the  tube  changed. 
At  this  time  the  high  tension  for  the  tube  was  furnished  by  a  G.  E.  x-ray 
transformer  while  the  filament  was  supplied  from  a  step-down  trans- 
former. Even  though  the  primary  of  both  transformers  was  supplied 
from  a  rotary  converter  (D.C.  to  A.C.)  whose  voltage  could  be  kept 
constant  to  within  2  per  cent.,  yet  the  current  through  the  tube  would 
vary  as  much  as  50  per  cent.  Ideally  this  should  not  have  disturbed  a 
balance  since  both  beams  should  be  affected  equally.  Practically  it  did 
and  the  only  satisfactory  way  of  keeping  the  current  steady  w^  to 
light  the  filament  by  means  of  a  12-volt  storage  battery  in  the  high- 
tension  circuit.  The  filament  current  was  varied  by  means  of  a  sHde- 
ref  istance  operated  by  an  insulated  handle.  Even  with  this  arrangement 
the  contacts  in  the  filament  circuit  were  gone  over  periodically  to  insure 
steady  currents, 

^  Dadourian,  Phys.  Rbv.,  14.  238.  1919,  obtained  a  working  sensitivity  of  5.000  divisions 
per  volt. 
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In  all  Figs,  the  values  of  3  for  H  off  are  represented  by  • ;  for  H  on,  by  an  «.  H  -  approx. 
z  8,000  gauss. 

In  Figs.  2  to  16,  H  was  perpendicular  to  the  x-rays;  the  voltage  was  80  kv.  peak;  a  +  A5 
means  a  decrease  in  7,  or  an  increase  in  il. 
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In  Figs.  17  to  34,  H  was  parallel  to  X;  the  voltage  was  80  kv.  peak;  a   +  AS  means  an 
increase  in  /  or  a  decrease  in  11, 

In  Fig.  26.  H  was  parallel  to  X\  the  voltage  was  27  kv.  peak;  a  +  A5  means  a  decrease  in  m* 
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A  pin-hole  picture  of  the  focal  spot  showed  that  it  consisted  of  a  ring 
7/16  in(h  in  diameter  with  two  irregular  small  area?  inside.  Conse- 
quently if  the  first  slit  S  is  narrow  and  the  focal  sp)Ot  for  any  reason  shifts, 
even  though  the  shift  is  so  slight  as  to  be  imperceptible,  a  slightly  different 
area  becomes  effective  in  illuminating  the  slit  at  D  and  thus  the  balance 
is  destroyed.  The  preliminary  slits  were  therefore  made  3/4  inch  wide 
while  the  final  slits  at  D  and  h  were  only  1/8  to  1/4  inch  wide.  In  this 
way  every  point  of  the  final  slit  received  radiation  from  every  p)oint  of 
the  focal  sp)Ot  even  though  the  focal  spot  did  shift  slightly.  Incidentally, 
widening  the  preliminary  slits  also  increased  the  available  energy.  The 
improvement  brought  about  by  this  change  showr  up  clearly  by  con- 
trasting the  steadiness  in  Figs.  2  and  14  for  narrow  slits  with  Figs.  3 
and  13  for  the  widened  slits. 

The  ionization  chambers  were  made  of  brars  tubing  and  were  fitted 
with  square  ends.  They  were  mounted  on  sulphur  supp)orts.  The  rods 
were  supported  and  insulated  by  sulphur  plugs  containing  the  usual 
earthed  guard  rings.  The  chambers  were  filled  with  methyl  bromide. 
Unfortunately  this  gas  in  the  presence  of  moisture  reacts  with  zinc  and 
copper  thus  making  it  necessary  to  refill  the  chambers  every  three  or 
four  weeks.  When  doing  so,  care  was  taken  to  fill  both  chambers  to  the 
same  pressure,  otherwise  a  change  in  the  tube  current  of  .1  milliamp 
might  unbalance  the  ionization  in  the  chambers  by  several  parts  in  1,000. 
Later  the  two  chambers  were  connected  by  a  glass  tube. 

During  the  course  of  the  investigation  it  was  noticed  that  the  balance 
was  particularly  sensitive  to  slight  shifts  in  the  rear  end  of  the  ionization 
chambers.  A  further  study  revealed  the  fact  that  an  appreciable  per- 
centage ot  the  ionization  was  caused  by  photoelectrons  emitted  by  the 
rear  end  of  the  chamber.  Materials  of  low  atomic  weight  were  found  to 
cause  a  smaller  increase  in  the  ionization  than  those  of  high  atomic  weight. 
The  arrangement  decided  upon  as  least  troublesome  was  an  aluminum 
plate  coated  on  the  inside  with  wax. 

Spurious  Effects  Due  to  the  Magnetic  Field  H. 

Forman  found  that  the  stray  field  of  his  electromagnet  deflected  the 
electron  stream  in  his  tube.  He  finally  remedied  the  difficulty  by  means 
of  compensating  co'ls  and  iron  screens.  The  magnet  in  this  present 
investigation  was  placed  at  a  considerable  distance  from  the  tube.  Its 
stray  field  near  the  tube  was  less  than  the  earth's  field  and  >^hen  p)ossible 
was  opposed  to  it.  The  final  test  as  to  whether  the  stray  magnetic 
field  affects  either  the  tube  or  the  ionization  is  to  make  blank  runs  either 
with  no  absorbers  or  with  absorbers  in  front  of  the  magnet.    Several 
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such  runs  were  made  and  in  no  case  was  any  effect  greater  than  2  parts 
in  10,000  obtained.     (See  Fig.  18). 

Several  times  large  apparent  changes  in  absorption  were  noted  when 
the  specimen  was  between  the  pole-pieced,  but  in  all  such  caseis  it  could 
be  shown  that  either  the  field  distorted  the  specimen  or  the  shifting  of 
the  pole-pieces  displaced  the  specimen.  This  was  particularly  true  in 
the  case  of  iron  and  nickel,  and  with  thin  specimens.  Fig.  16  shows  a 
spurious  change  of  about  2|  parts  in  1,000.  Due  to  the  high  absorption 
coefficient  for  platinum  the  spec  imen  was  only  i  or  2  mils  thick.  Small 
forces  might  easily  distort  the  thin  specimen.  When  this  same  specimen 
was  pasted  on  a  thin  uniform  strip  of  wood  and  another  run  taken,  as 
shown  in  Fig.  15,  A/  is  only  a  few  parts  in  10,000.  Practically  the  same 
result  was  obtained  when  the  specimen  was  tightly  clamped  in  the  holder. 

The  Specimen  Holders. 

Two  holders  hi  and  Aj  were  designed  and  are  shown  in  detail  in  Fig.  i. 
hu  which  was  used  when  H  was  perpendicular  to  the  rays,  consists  of  a 
brass  collar  with  bevelled  edges  which  match  the  pole-pieces.  Two 
screws  fasten  the  specimen  to  two  ledges  at  opposite  ends  of  a  diameter. 
Perpendicular  to  this  diameter  are  openings  to  allow  the  beam  to  pass. 
This  holder  may  not  be  as  reliable  as  the  accuracy  of  the  remainder  of 
the  outfit  warrants.  Consequently  a  new  one  has  been  designed  which, 
it  is  hoped,  will  give  more  reliable  results. 

Holder  Aj  was  carefully  designed  and  constructed.  It  was  used  when 
H  was  parallel  to  the  rays.  The  specimen  is  firmly  held  in  front  of  the 
lead  opening  by  means  of  screws  passing  through  the  brass  cover.  The 
pole-pieces  are  firmly  screwed  up  against  the  holder. 

The  Final  Slit  at  D. 

The  opening  at  D  was  usually  3/16  inch  wide  and  about  1/2  inch  high. 
A  balance  was  obtained  by  changing  the  height  by  means  of  the  microm- 
eter screw.  One  turn  corresponds  to  i/ioo  inch  and  there  are  100 
divisions  on  the  drum.  Thus  with  a  slit  1/2  inch  high,  5  drum  divisions 
(5P)  correspond  to  a  change  in  area  of  i  part  in  1,000,  i.e.,  i4/i,ooo.  By 
noting  6  for  a  series  of  positions  of  the  drum,  A5  for  loD,  or  else  Ad  for 
i4/i,ooo  can  be  computed.  The  uniformity  of  intensity  of  the  x-ray 
beam  over  the  whole  opening  was  shown  by  the  fact  that  this  ratio  was 
independent  of  the  height  of  the  opening. 

In  all  measurements  of  large  rates  of  drift,  say  greater  than  60  divisions 
per  minute,  it  was  found  necessary,  in  order  to  get  consistent  results,  to 
apply  a  correction  to  the  observed  5.    Table  I.  gives  the  values  of  the 
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corrections  to  be  added  to  the  absolute  value  of  the  observed  5.  These 
corrections  were  obtained  by  noting  b  for  a  number  of  openings  differing 
by  equal  small  steps  and  plotting  b  against  the  opening.  Instead  of  a 
straight  line,  a  curve  was  obtained  which  deviated  more  and  more  from 
the  straight  line  as  b  increased.  The  deviations  gave  the  corrections  to 
be  added.  This  lag  is  probably  due  to  air  friction  and  is  a  function  of  the 
dimensions  and  shape  of  the  leaf  and  the  air  pressure.  It  is  analogous 
to  the  lag  in  a  quadrant  electrometer. 

Table  I. 

Observed  a 50     100     150     200     250     300     400 

CorrecUon 5      2.5       9      19      37      60      90 

Sensitivity  of  Apparatus. 

To  show  how  sensitive  the  apparatus  is,  one  need  only  obtain  a  balance, 
and  then  interpose  a  very  thin  sheet  of  paper.  After  a  few  seconds' 
lag  the  leaf  begins  to  drift  and  continues  to  do  so  until  a  few  seconds 
after  the  paper  is  removed.  A  few  degrees  change  in  temperature  in 
the  slit  D  can  be  detected;  the  slight  "give"  in  the  floors  caused  by  a 
person  walking  past  the  supports  for  the  slit  D  produces  an  observable 
effect;  air  currents  also  cause  disturbances.  Under  these  circumstances 
it  seems  almost  hopeless  to  try  to  measure  an  effect  less  than  one  part  in 
1,000  with  an  accuracy  better  than  lo  per  cent.  However,  if  the  tem- 
perature and  current  could  be  maintained  constant  and  if  mechanical 
disturbances  were  minimized,  the  apparatus  could  detect  changes  as 
small  as  2  or  3  parts  in  100,000. 

Course  of  a  Complete  Run. 

The  following  illustrates  the  course  of  a  complete  run. 
Voltage  across  tube:  80  kv.  peak. 
Sensitivity  of  leaf:  44.2  div./volt. 

I.  Steady  test:  x-rays  shut  off  by  lead  plates.  Position  of  leaf  every 
15  seconds: 
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2.  Sensitivity  determination  with  no  absorber  in. 
Size  of  opening  =  3,900  drum  divisions  or  3,900  D, 

Drum  scale  20  up  5  =  —  40  X  60/1 1.4  =  —  210  Corrected  5  =  —  230, 
Drum  scale  25  up  5  =  -  23.3  X  60/30  =  -  46.6  Corrected  a  =  -  47, 
Drum  scale  30  up  a  =       40  X  60/18.9  =       127    Corrected  5  =  +  131, 
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A6/10D  =  180  X  2  =  360  for  2.2  milliamps  «  82  per  milliamp, 
Ad  for  i4/iooo  =  A5/ioD  X  3.9/10  =  140. 

3.  Steady  test  with  x-rays  entering  chambers.  Readings  of  leaf  every 
15  seconds: 

19.0     19.5     18.5     19.5         20.0    20.7     19.5     18.5         19.7     21.0    22.0    21.0 
21.0     21.5     21.8     22.5         24.0     23.8     24.0     25.0         25.3     25.0     24.0     24.0 

4.  Sensitivity  with  iron  absorber  in.    Opening:  3800P. 

Drum  40  up  5  =  —  40  X  60/15  =  —  160  Corrected  3  =  —  170, 
Drum  60  up  5  =  —  20  X  60/13  =  —  92  Corrected  5  =  —  94, 
Drum  80  up  5  =  —  12  Corrected  5  =  —    12, 

A6/10D  =  (76  +  82)/2  X  2  =  39.5  for  1.3  milliamps  =  30.4  per  milliamp, 

r,r       AS/ioD  for  Fe  absorber  ,« 

^'^'  "  A6/10D  for  no  absorber  "  ^04/82  =  .37, 
AS  for  i4/iooo  =  (39.5/10)  X  3-8  =  15- 

5.  Effect  of  magnetic  field  on  absorption  of  iron.  H  =  18,000  gauss. 
H  is  put  on  for  one  minute  every  other  minute  starting  with  the  second. 
The  position  of  the  leaf  is  read  every  15  seconds. 

H  Off 1 H  On 
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A  positive  A6  means  an  increase  in  absorption,  or  a  decrease  in  /. 

From  this  data  the  average  8  for  each  minute  was  computed  and  plotted 
in  the  latter  half  of  Fig.  3. 

This  figure  shows  a  change  of  8  due  to  H  equal  to  —  13  div.  Since 
A3  for  i4/iooo  =  15; 
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From  a  formula  developed  below 

Am  I  a/  +8.7        -  8.8 

-^  =  —  , —- —  •  -7-  =  —  1.005-! — -  = • 

fjL  log,(/o//)      /  10,000      10,000 

Consequently  a  field  of  18,000  gauss  decreases  the  absorption  coefficient 
of  iron  by  8.8  parts  in  10,000. 
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Development  of  FoRMULiE. 
As  is  well  known, 

/  =  Jo^-'".  (I) 

If  y,  can  be  made  to  change  in  a  given  specimen,  then 

dl  AI 


or 


-^  =  -  tAix. 


From  (i) 


log(/o//) 


AI  A/»       ,      /Jo\ 


or 


Am I  A7 

M   ~       log(/o//)'  /• 


(3) 


Given:  /o,  m,  and  Aft  for  a  certain  material.    What  is  the  best  thickness 
to  use  so  that  A/  shall  be  a  maximum? 
From  (2) 

A/  =  -  lOe-^^Afi 
For  a  maximum 

d(M) 

or 

-  /oAMCe-"'  -  Mte-**')  =  o 

Since  /o,  A/*,  and  ^""^  are  not  zero, 

I— /i/  =  o        or        /i/  =  i 
or 

log.  /o//  =  I,        /o//  =  2.73;        IIU  =  .368. 

That  is  A/,  which  determines  A5,  will  be  greatest  if  Ms  so  chosen  that 
Ilh  =  .368. 

Results. 

Figs.  2-16  show  the  results  obtained  with  H  perpendicular  to  the  path 
of  the  x-rays;  Figs.  17-26,  the  results  for  H  parallel  to  the  x-rays.  For 
all  but  the  last  two  figures  the  peak  voltage  across  the  tube  was  about 
80  kilovolts,  which  corresponds  to  a  minimum  wave-length  of  .15  A. 
The  maximum  energy  was  probably  in  the  neighborhood  of  .3  A.  E^ch 
figure  contains  the  date  on  which  the  data  were  obtained,  the  values  of 
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A///,  Afx/n,  and  A5  for  Ajiooo.  It  is  important  to  take  this  last-named 
factor  into  account  when  comparing  the  curves. 

A  comparison  of  the  steadiness  of  this  apparatus  with  that  attained  by 
Forman  is  given  in  Fig.  25  which  shows  Forman's  results  for  iron  with 
81  kv.  (R.M.S.)  across  the  tube,  and  the  present  result  for  iron  under 
similar  conditions,  both  plotted  to  practically  the  same  scale. 

Figure  26  shows  one  of  two  preliminary  runs  with  a  peak  voltage  of 
27  kv.  across  the  tube.  A  previous  run  on  wood  at  the  higher  voltage 
had  revealed  a  A/4//X  of  4  or  5  parts  in  10,000.  At  the  lower  voltage  the 
sensitivity,  consistency,  and  reliability  are  considerably  less  but  still 
A/i//i  is  clearly  about  8  parts  in  1,000  or  about  16  times  as  large  as  before. 
This  would  indicate  that  larger  changes  may  reasonably  be  looked  for 
at  longer  wave-lengths  with  low  atomic  weight  elements.  This  clue, 
it  is  hoped,  can  be  followed  up  in  the  next  few  months. 

The  results  show  that  while  the  magnetic  field  does  change  the  absorp- 
tion of  x-rays  in  various  materials  the  effects  for  wave-lengths  near  .3  A. 
are  small.  At  this  wave-length  the  largest  effect  is  shown  by  iron  for 
which  A/4//4  is  about  I  part  in  1,000  when  H  is  perpendicular^  to  X. 
For  H  parallel  to  X,  Fig.  19  shows  that  the  change  is  much  smaller,^ 
which  may  be  partly  due  to  the  large  demagnetizing  field  for  such  a  thin 
sheet  of  iron.  Of  the  other  materials  examined  carbon  and  aluminum 
show  the  largest  change.  Nickel,  platinum,  copper,  zinc  and  silver 
show  changes  smaller  than  3  parts  in  10,000  for  either  direction  of  H. 
At  a  mean  wave-length  in  the  neighborhood  of  1.2  A.,  wood  shows  a 
change  in  absorption  of  about  8  parts  in  1,000  for  H  parallel   to  x-rays. 

The  following  list  sums  up  the  values  of  A^t/ft*  together  with  an 
estimated  probable  error.  The  conditions  under  which  each  value  was 
obtained  can  be  found  in  the  figures  or  in  the  legend  for  the  figures.  The 
estimate  of  the  probable  error  i?  based  on  the  oscillations  of  5,  the  value 
of  A///  due  to  H  for  no  absorber,  and  on  the  author's  experience  and 
judgment  of  the  likelihood  of  small  spurious  effects. 

All  results  are  expressed  in  number  of  parts  change  in  10,000,  a  plus 
sign  meaning  an  increase  in  /*. 

For  H  perpendicular  to  X  rays: 

Iron  -  10  J=  2,  Nickel  4-  1.6  ±  O.S,  Platinum  4-  1.7  =b  0.4, 

Copper  4-  0.8  ±  0.4  Zinc  -  1.2  ±  0.4,  Silver  +  1.6  ±  0.8, 

Carbon  —  5.6  d:  2,  Aluminum  -f-  8  J:  6. 

*  Opposite  to  Forman's  results. 

*  Corrected  for  a  small  effect  observed  with  no  absorber,  which  was  never  greater  than  a 
parts  in  10,000. 
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For  H  parallel  to  X  rays: 

Iron  -  0.5  ±  2,  Nickel  +  0.7  ±  2,  PlaUnum  +  1.1  ^  1. 

Copper  4-  1.4  ±  1.  Zinc  +  1.3  ±  1.  Carbon  +  3  d:  1. 

Aluminum  +  2.7  d:  1.      Wood  (longer  wave-lengths)  +  80  d:  20. 

Discussion  of  Results. 

These  results  are  in  accord  with  the  hypothesis  that  magnetic  properties 
are  largely  conditioned  by  the  outer  atomic  shell  or  valency  electrons. 
If  the  magnetic  fields  inside  the  atom  are  actually  as  large  as  is  supposed, 
we  cannot  hope  to  penetrate  deeply  into  the  atom  with  external  fields. 
Consequently  we  should  hardly  expect  to  produce  any  changes  in  the 
inner  shells.  Now  it  is  generally  believed  that  the  K  absorption  and 
emission  are  associated  with  the  innermost  shell  while  the  L  and  M  radia- 
tions are  due  to  the  next  two  shells  of  electrons  respectively.  Professor 
Richtmyer*  has  shown  that  very  probably  for  wave-lengths  less  than  the 
Ko  limit,  by  far  the  larger  part  01  the  abrorption  is  used  up  in  exciting 
the  K  fluorescent  radiation,  a  small  percentage  of  the  energy  absorbed, 
for  example,  let  us  say  5  per  cent.,  excites  the  L  fluorescence,  and  pre- 
sumably even  a  much  smaller  percentage,  let  us  say  .5  per  cent.,  goes  to 
excite  the  M  fluorescence.  On  the  above  hypothesis  we  should  expect 
to  be  unable  to  affect  the  K  and  L  absorption  of  all  substances  having 
three  or  more  shells  of  electrons.  To  be  specific,  let  us  consider  aluminum 
which  on  Langmuir's  theory  contains  a  K  shell  of  2  electrons,  an  L  shell 
of  8  electrons,  and  an  outer  shell  of  3  electrons.  It  the  external  magnetic 
field  produces  no  change  in  the  K  and  L  absorption  but  as  much  as  a  10 
per  cent,  change  in  the  absorption  due  to  the  outer  shell,  the  change  in 
the  total  absorption  would  amount  to  only  .10  X  .005  or  5  parts  in  10,000. 
On  the  other  hand,  carbon  which  contains  only  2  shells  would  on  the 
same  suppositions  show  a  change  in  the  total  absorption  equal  to 
.10  X  .05  or  5  parts  in  1,000.  We  should  also  expect  a  larger  change  in 
the  total  absorption  if  the  i^^ve-length  were  longer  than  the  K.  limit. 
Both  of  these  expectations  are  supported  by  the  fact  that  at  a  given 
wave-length  carbon  and  aluminum  show  larger  changes  than  the  heavier 
elements  (excepting  possibly  iron  and  nickel),  and  that  wood  shows 
larger  changes  at  long  than  at  short  wave-lengths. 

On  Compton's  theory  of  scattering  we  might  look  for  an  appreciable 
change  in  that  part  of  the  absorbed  energy  which  is  scattered.  In  the 
low  atomic  weight  elements  a  large  percentage — ^as  much  as  50  per  cent. 
— of  the  absorbed  energy  goes  into  scattered  radiation.  This  investiga- 
tion shows  that  the  change  in  the  scattered  radiation  cannot  exceed 
about  I  part  in  1,000. 

»  Phys.  Rbv..  18,  13-30,  192 1. 
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The  most  hopeful  region  to  work  in  seems  to  lie  near  the  absorption 
limit  of  the  outermost  shell.  The  most  promising  materials  are  the 
ones  in  the  first  two  groups  of  the  periodic  table.  While  the  experimental 
difficulties  in  working  in  the  neighborhood  of  100  A.  are  great,  the  author 
believes  that  it  will  be  well  worth  the  effort  and  hopes  to  have  the  oppor- 
tunity of  continuing  the  search  in  that  direction. 

In  conclusion  the  author  wishes  to  express  his  appreciation  and 
gratitude  for  the  ever  helpful  and  never  failing  encouragement,  inspiration 
and  assistance  received  from  Professor  Richtmyer. 

CORNKLL  UnIVBRSITY, 

Ithaca,  Nbw  York, 
March,  1922. 
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THE  ACTION  OF  THE  BOW  IN  STRINGED  INSTRUMENTS. 

By  K.  C.  Kar. 

Synopsis.  , 

Motion  of  Points  of  a  String  near  the  Bowing  Region. — Shadows  of  a  small  section 
of  the  horizontal  string  and  of  pins  stuck  in  the  bow  were  thrown  on  a  vertical  slit 
back  of  which  a  piece  of  photographic  paper  was  moved.  The  resulting  prints 
each  show  a  saw  tooth  line  due  to  the  string,  crossed  by  inclined  straight  lines  due 
to  the  pins.  Experiments  were  made  with  the  bow  one  seventh,  one  tenth  and 
one  fourteenth  of  the  length  of  the  string  from  one  end.  In  every  case  the  speed 
of  the  points  of  the  string  is  proportional  to  the  distance  from  the  near  end.  The 
point  with  a  speed  equal  to  that  of  the  bow  is  called  the  zero  point.  With  strong 
slow  bowing  the  zero  point  is  at  the  outer  edge  of  the  bow.  but  with  lighter  or  faster 
bowing  the  zero  point  may  be  2  cm.  or  more  nearer  the  middle  of  the  string.  While 
the  "wolf  note"  is  sounding  the  zero  point  oscillates  periodically  with  the  beating; 
it  may  be  stopped  by  increasing  the  pressure.  The  amplitude  at  the  outer  edge  of 
the  bow  is  proportional  to  the  speed  of  the  string  at  that  point  and  hence  will  change 
as  the  zero  point  is  shifted  by  variations  of  pressure,  even  when  the  bowing  speed  is 
constant. 

Introduction. 

HELMHOLTZ,  referring  to  the  particular  case  in  which  the  motion 
of  the  bowed  point  is  represented  by  two  step  zig-zag,  remarks^ 
that  the  velocity  of  the  string,  in  the  forward  motion  "appears  to  be  equal 
to  that  ot  the  bow."  In  later  treatises*  the  velocity  of  the  forward  motion 
is  stated  to  be  equal  or  about  equal  to  that  of  the  bow.  Recently 
Professor  Raman  has  made  an  experiment'  with  his  vitrograph  (see 
Fig.  i)  and  has  shown  that  the  velocity  of  the  bow  is  exactly  equal  to 
the  velocity  of  the  bowed  point  of  the  string  in  its  forward  motion.  His 
conclusion  was  based  on  the  fact  that  the  record  of  the  pin  attached  to 
the  bow  and  that  of  the  string  are  absolutely  parallel.  But  we  should 
note  that  the  photograph  taken  by  him  does  not  represent  the  motion 
ot  the  bo^ed  point,  but  of  one  a  little  away  from  it. 

Now  in  practice  a  bow  is  never  applied  at  a  point.  Thus  in  dealing 
with  the  problem  we  are  to  take  into  account  the  length  of  the  bowed 
region,  which  is  generally  about  I  cm.  long.  This  brings  us  at  once 
to  the  question  as  to  which  point  of  the  string  in  the  bowed  region,  if 
any,  has  the  same  velocity  as  the  bow.    These  problems  raised  by  Prof. 

»  Sensations  of  Tone.  p.  83. 

*  Lord  Rayleigh's  Theory  of  Sound,  Vol.  i,  and  Barton's  Text  book  of  Sound,  Art.  261. 

•  The  Dynamical  Theory  of  the  Motion  of  Bowed  Strings,  Bulletin  No.  1 1  of  Indian 
Association. 
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Raman  in  his  monograph^  are  solved  by  the  following  experiment  made 
by  the  writer. 

I  am  deeply  indebted  to  Professor  Raman  at  whose  suggestion  I  took 
up  the  work. 

Experiment. 

The  apparatus  is  shown  in  Fig.  i.  An  arc  placed  in  front  of  the 
apparatus  provides  the  necessary  illumination.  A  photographic  paper 
contained  in  a  dark  slide  is  arranged  to  slide  in  grooves  within  the  wooden 
box,  parallel  to  the  string.  A  number  of  pins  are  fixed  to  the  bow  trans- 
versely so  that  when  bowed  near  the  slit  5,  the  images  of  the  pins  moving 
with  the  velocity  of  the  bow,  fall  on  the  photographic  paper  inside  the 
vitrograph.  The  transverse  vibration  of  the  string  is  at  the  same  time 
recorded  on  the  photographic  paper.  It  is  therefore  possible  by  this 
method  tog  et  simultaneous  records  of  the  motion  of  the  bow  and  of  the 
vibration  of  a  point  on  the  string  in  the  neighborhood  of  the  bowed  region. 


<t 


ae 


F 


^ 


Fig.  1. 


Exact  determination  of  the  point  on  the  string  whose  vibrations  have 
been  recorded,  is  made  by  the  following  very  simple  method.  A  pin 
is  held  against  the  string  and  moved  along  it  until  its  image  falls  on  the 
slit.  Vibrations  of  this  point  of  the  string  have  obviously  been  recorded. 
The  distance  of  this  point  from  one  end  ol  the  string  (here  it  is  the  remoter 
one)  is  measured  with  a  meter  scale.  It  should  be  noted  that  the  position 
of  the  arc  should  not  be  changed  during  the  experiment. 

The  inner  and  the  outer  limits*  of  the  bowed  region  are  marked  with 
ink  on  the  string.  And  by  moving  the  slit  to  different  positions,  simul- 
taneous records  of  the  velocity  of  the  bow  and  vibrations  of  different 
points  of  the  string  are  taken.  The  bowing  pressure  has  been  made  just 
sufficient  to  elicit  a  steady  tone  with  pronounced  fundamental,  the 
velocity  of  the  bow  being  kept  constant  as  far  as  practicable.  Three 
sets  of  records  have  been  taken  for  three  different  positions  of  the  bow. 

^  Bulletin  No.,  15,  Indian  Association  for  the  Cultivation  of  Science. 
*  The  inner  limit  or  the  limit  nearer  the  nearer  end  of  the  string. 
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Records  obtained  are  somewhat  like  that  in  Fig.  2.    When  the  slit  is 

placed  anywhere  between  the  inner  edge 
of  the  bowed  region  and  the  nearer  end  of 
the  string,  angle  fi  is  always  greater  than 
angle  a  as  in  Fig.  2.  When,  however,  the 
pjg  2.  slit  is  on  the  other  side  of  the  bow,  i.e., 

away  from  the  outer  edge  of  the  bowed 
region,  p  is  generally  less  than  a. 

The  ratios  of  the  velocities  of  the  string  and  the  bow  have  been  deter- 
mined accurately  from  the  records  by  measuring  the  tangents  of  the 
angles  j8  and  a  with  a  moving  microscope  (moving  in  two  perpendicular 
directions)  and  taking  their  ratios. 

The  results  of  these  measurements  are  given  in  the  following  table. — 

Table  I 
Length  of  the  string  is  53.6  cm. 


Bowed  Refion 

t>6IW6MI. 

ObMTTWl 
At 

Vel.  of  Strinc/Vel.  of  Bow 
Mean. 

A. 

45.55  cin.-46.45  cm. 

42.1    cm. 

1.358 

43.65    " 

1.133 

47.40    ** 

.667 

49.20    " 

.484 

B. 

47.65  cm.-48.55  cm. 

48.90    ** 

.781 

49.40    " 

.672 

47.0      " 

1.116 

46.5      " 

1.236 

C. 

49.3    cm.-50.25  cm. 

48.3      " 

1.273 

48.8      " 

1.138 

50.8      " 

.56^5 

Conclusion. 
It  appears  from  curves  (B)  and 
(C)  that  the  velocity  of  the  string 
at  the  outer  edge  of  the  bowed  re- 
gion is  the  same  as  the  velocity  of 
the  bow.  But  the  curve  (^4)  shows 
that  the  forward  velocity  of  the 
string  at  a  point  away  from  the 
outer  limit  of  the  region  is  equal  to 
the  velocity  of  the  bow.  Thus  the 
string  in  the  bowed  region,  in  this 
case,  has  smaller  velocity  than  the 
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bow.  The  most  important  thing  to  be  noted  here  is  that  the  note 
emitted  by  the  string  is  strong  in  the  fundamental.  This  is  shown  by 
the  photographs  which  are  of  simple  Helmholtzian  type  of  two  step  zig- 
zag. It  is  thus  possible  to  get  a  steady  fundamental  when  the  forward 
velocity  of  the  string  in  the  bowed  region  is  less  than  the  velocity  of 
the  bow. 

The  curve  (A)  shows  that  the  "zero  point"  (i.e.,  the  point  which  has 
forward  velocity  relative  to  the  bow,  equal  to  zero)  is  away  from  the 
outer  edge  of  the  bowed  region.  One  would  think  it  possible,  by  increas- 
ing the  bowing  pressure  without  increasing  the  velocity  of  the  bow, 
to  bring  the  "zero  point"  to  the  outer  edge  of  the  bowed  region.  This 
has  been  shown  to  be  the  case  by  a  series  of  photographs,  as  in  Fig.  4, 


Fig.  4. 

of  the  simultaneous  motion  of  the  bow  and  of  a  particular  point  of  the 
string  away  from  the  outer  edge  (2  cm.  from  it)  with  different  bowing 
pressures.  When  the  bowing  pressure  is  small  while  the  velocity  of  the 
bow  is  great^  the  "zero  point **  goes  away  from  the  outer  edge  towards  the 
middle  point  of  the  string  and  the  records  of  the  pin  and  the  string 
become  parallel  or  very  nearly  so.  When,  however,  the  bowing  pressure 
is  greater  while  the  velocity  is  smaller  or  nearly  the  same  as  before  the 
"zero  point"  comes  nearer  the  outer  edge  and  the  angle  between  the  two 
records  appreciably  increases. 

Thus  the  "zero  point"  may  lie  anywhere  within  a  portion  of  the 
string,  one  of  its  limits  being  the  outer  edge  of  the  bow.  The  other  limit 
for  which  the  vibration  remains  two  step  zig-zag  of  the  first  type  has 
not  been  determined.  But  the  photographs,  taken,  show  that  it  may 
be  at  a  distance  of  about  2  cm.,  if  not  more,  from  the  outer  edge.  It 
should  be  noted,  further,  that  the  effect  due  to  any  increase  of  bowing 
pressure  can  be  counterbalanced  by  a  corresponding  increase  of  the 
velocity  of  the  bow.  Thus  it  will  be  possible  to  have  the  "zero  point" 
away  from  the  outer  edge  even  with  a  high  pressure  provided  the  velocity 
of  the  bow  is  correspondingly  high.  If  then  the  velocity  of  the  bow  is 
increased  keeping  the  bowing  pressure  constant  or  the  bowing  pressure 
is  decreased  keeping  the  velocity  constant,  the  "zero  point"  goes  away 
from  the  outer  edge  towards  the  middle  point  of  the  string  and  the 

^  The  note  emitted  is  strong  in  the  fundamental. 
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intensity  of  the  fundamental  decreases  until  the  octave  becomes  most 
prominent.  This  can  be  easily  seen  in  the  case  of  the  mechanical  violin- 
player  of  Dr.  Rama(if 

In  the  case  of  tw^tep  vibrations  of  the  first  type,  the  amplitude  of 
oscillation  of  the  string  at  the  outer  edge  of  the  bowed  region  is  given  by 
(i  —  afl)TVf  where  a  is  the  distance  of  the  point  from  the  end  and  v  its 
forward  velocity,  /  being  the  length  of  the  string.  If  the  velocity  of  the 
bowed  point  were  the  same  as  the  velocity  of  the  bow  (i.e.,  v  =  the 
velocity  of  the  bow),  as  was  supposed  by  Helmholtz  and  others,  the 
amplitude  of  oscillation  of  the  bowed  point,  i.e.^  the  intensity  of  the 
note  emitted,  would  be  independent  of  the  bowing  pressure,  depending 
on  the  velocity  of  the  bow.  But  it  has  been  shown  that  the  bowing 
pressure  can  change  the  value  of  v  at  the  outer  edge  even  when  the 
velocity  of  the  bow  is  constant.  Thus  the  intensity  of  the  note  emitted 
can  be  varied  slightly  but  appreciably,  simply  by  varying  the  bowing 
pressure. 

It  will  appear  from  the  curves  which  are  approximately  straight  lines 
that  the  nearer  the  bowed  region  is  to  the  end  the  steeper  is  the  curve, 
i,e.j  the  more  rapid  is  the  change  in  the  forward  velocity  per  unit  length 
of  the  string  within  and  near  the  bowed  region.  Thus  the  portion  of  the 
string  in  contact  with  the  bow  during  vibration  will  be  more  and  more 
inclined  to  a  line  perpendicular  to  the  direction  of  bowing.  And  so  a 
greater  component  of  the  frictional  force  will  go  to  produce  longitudinal 
vibration  in  the  string.  This  effect  is  very  marked  when  the  bow  is 
applied  near  the  bridge. 

Let  us  see  if  the  results  obtained  are  in  agreement  with  what  follows 
from  dynamical  considerations.  It  is  obvious  that  the  velocity  of  any 
portion  of  the  string  within  the  bowed  region  cannot  be  greater  than 
that  of  the  bow;  for  in  that  case  the  frictional  force  will  act  in  the 
opjposite  direction  and  bring  down  its  velocity  to  the  velocity  of  the  bow. 
Further  it  is  not  possible  for  every  element  of  the  string  in  the  bowed 
region  to  have  the  same  velocity  as  the  bow.  The  "zero  point"  there- 
fore, cannot  lie  within  the  bowed  region  or  between  the  bow  and  the  nearer 
end  of  the  string  as  in  that  case  a  portion  or  the  whole  of  the  string  in 
contact  with  the  bow  will  have  velocity  greater  than  the  bow  which  is 
not  possible.  So  the  only  portion  in  which  the  zero  point  can  lie  is 
between  the  outer  edge  and  the  middle  point.  And  this  is  exactly  what 
the  experiment  shows. 
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The  Wolf  Note. 

The  results  obtained  throw  some  light  on  the  nature  of  the  **wolf 
note"  ^  produced  in  bowed  stringed  instruments.  It  is  evident  from  the 
photographs  of  wolf-note*  that  the  inclinations  of  the  line  representing 
the  forward  motion  of  the  string  changes  periodically,  the  period  being 
the  period  of  the  wolf.  From  this  it  can  be  concluded  that  during  the 
wolf  the  "zero  point"  oscillates  periodically  with  the  beating,  though 
the  pressure  and  velocity  of  the  bow  are  constant.  And  it  is  only  when, 
by  increasing  the  bowing  pressure,  the  "zero  point"  is  fixed  at  the  outer 
edge,  that  the  wolf  is  controlled. 
47  Corporation  Strbbt, 
Calcutta, 

November  14,  192 1. 

>  Dr.  C.  V.  Raman  pointed  out  in  various  papers  (vide  "On  the  Wolf  Note  in  Bowed 
Stringed  Instruments,"  Phil.  Mag..  1916;  also  Bulletin  No.  15  of  the  Indian  Association) 
that  at  a  particular  pitch  known  as  the  wolf  note  pitch,  a  very  peculiar  beating  note  can  be 
produced  which  however  can  be  controlled  by  sufficiently  large  bowing  pressure.  He  also 
showed  that  similar  beating  notes  can  be  obtained  at  half  the  wolf  note  pitch.  I  have  found 
that  this  sort  of  beating  note  can  be  obtained  e.g.,  in  a  violin  at  a  large  number  of  pitches, 
some  of  which  are  as  strong  as  that  at  the  wolf  note  pitch.  They  can,  however,  be  controlled 
by  increasing  the  bowing  pressure.  A  little  practice  in  bowing  is  necessary  as  some  of  them 
are  produced  by  pressure  varying  within  a  small  range. 

*  Bulletin  No.  15,  Indian  Association  for  the  Cultivation  of  Science. 
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A  STUDY  OF  THE   EFFECT   OF  ADSORBED  GAS   ON  THE 
HIGH-FREQUENCY  RESISTANCE  OF  COPPER  WIRE. 

By  Austin  Bailey. 

Synopsis. 

Effect  of  Adsorbed  Gas  on  the  High-frequency  Resistance  of  a  Loop  of  Copper  Wire. 
— This  resistance  is  known  to  be  greater  than  would  theoretically  be  expected  if  the 
surface  layers  have  the  same  resistivity  as  the  core.  The  experiments  described 
were  undertaken  to  determine  whether  this  increased  resistance  is  due  to  gas  adsorbed 
by  the  surface  layer  of  oxide.  A  square  loop,  60  cm.  on  a  side,  was  formed  by 
enclosing  copper  wires  inside  of  glass  tubes  connected  to  a  vacuum  pump,  and  after 
several  hours*  preliminary  heating  and  pumping,  the  wire  was  glowed,  and  then 
its  resistance  for  radio-waves  of  20  meters  length  was  found  to  increase  in  20  minutes 
by  several  per  cent.,  though  the  residual  pressure  was  only  io~*  atm.  After  suc- 
cessive glowings  the  effect  became  progressively  less  as  the  oxide  layer  disappeared. 
With  higher  pressures  the  increase  to  an  equilibrium  value  came  more  rapidly. 
These  results  indicate  that  the  gas  adsorbed  by  the  copper-oxide  layer  does  increase 
the  resistance,  and  suggest  that  possibly  copper  wire  whose  surface  is  covered  with 
a  thin  layer  of  metal  such  as  tin.  might  have  a  lower  high-frequency  resistance  than 
oxidized  copper  wire  of  the  same  size. 

Short  radio-waves,  of  less  than  20  meters  were  produced  by  using  only  the  capacity 
of  the  oscillating  triode  tube  in  the  high-frequency  circuit.  The  wave-length  was 
measured  to  within  i  per  cent,  by  use  of  a  modified  Lecher  System,  with  a  hot-wire 
galvanometer  at  a  current  loop.  Currents  in  the  square  loop  were  measured  by 
means  of  a  loosely  coupled  circuit  containing  a  special  vacuum  thermo-element 
with  minimum  coupling  in  the  galvanometer  circuit. 

Adsorption  of  Gases  by  Copper  Oxide  and  Copper. — The  observations  indicate 
that  copper  oxide  readily  absorbs  gases  at  room  temperature  and  liberates  them 
when  glowed,  while  copper  does  not. 

An  arc-type  diffusion  pump  is  described,  which  has  an  iron  wire  ballast  resistance 
wound  around  the  tube  which  conducts  the  vapor  to  the  condensation  chamber. 
This  enables  the  pump  to  get  into  operation  quickly. 

Introduction. 

AT  very  short  wave-lengths,  measurements  made  of  the  high  fre- 
quency resistance  of  a  one  meter  square  loop  of  wire  show  a  much 
larger  value  than  that  calculated  irom  the  formula  for  the  re^'istance  of  a 
straight  wire  of  the  same  length.  The  comparison  between  the  obsei  ved 
and  calculated  values  of  the  resistance  of  a  one  meter  square  loop  of 
No.  18  B.  &  S.  gauge  copper  wire  are  shown  in  Fig.  i. 

This  discrepancy  may  be  due  to  a  number  of  causes,  one  of  which  may 
be  gas  adsorbed  on  the  surface  of  the  wire.  Langmuii^  has  pointed  out 
that  there  is  probably  a  very  close  packing  of  the  gas  molecules  adsorbed 

1 1.  Langmuir.  Phys.  Rev..  8,  149  (19 16). 
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on  the  surface  of  a  metal.  Such  a  condensation  would  doubtless  alter 
materially  the  physical  properties  of  the  surface.  Since  at  high  fre- 
quency, a  large  part  of  the  current  will  flow  in  a  thin  skin  near  the  surface, 
a  change  in  the  high-frequency  resistance  would  be  expected  if  we  changed 
the  properties  of  that  surface. 
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Fig.  1. 

The  experiments  described  below  were  undertaken  in  order  to  deter- 
mine whether  such  a  change  of  resistance  due  to  a  gas  skin  could  be 
detected.  The  effect,  if  it  exists,  would  be  especially  marked  in  some 
material  which  is  known  to  adsorb  gases  strongly.  Now  Merton^  has 
found  that  "copper  strongly  absorbs  most  gases."  I,  therefore,  formed 
a  square  loop  of  copper  wire,  enclosing  it  in  a  glass  tube  so  that  the 
condition  of  the  wire  surface  could  be  altered  at  will  and  measured 
the  current  flowing  in  the  wire.  A  change  in  the  resistance  in  the  circuit, 
if  capable  of  detection  under  the  limitations  of  these  experiments  would 
then  be  indicated  by  a  change  in  the  reading  of  the  galvanometer,  since 
the  electromotive  force  induced  in  the  circuit  was  maintained  constant. 

Test  Circuit. 

The  copper  wire  0.045  cm.  in  diameter  and  about  240  cm.  long  was 
mounted  at  the  center  of  a  glass  tube.  The  tube  was  made  in  two  L 
sections  which  were  so  placed  together  as  to  form  a  square  64  cm.  on 
each  side,  and  were  interconnected  to  the  vacuum  system  as  shown  in 
Fig.  2.    At  the  comer  of  each  L  tube  the  wire  was  supported  by  a  Pyrex 

»  T.  R.  Merton,  Chem.  Soc.  Jour.,  10 j,  645  (19 14). 
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glass  insulator  /,  connected  at  its  far  end  to  a  spring  5,  which  extended 
out  into  a  small  side  arm  which  made  equal  angles  with  the  sides  of  the 
L.     By  this  means  the  wire  was  kept  taut. 


Fig.  2. 

At  the  ends  of  each  L  the  wire  was  attached  to  a  piece  of  1.05  mm. 
platinum  wire  and  sealed  out  through  the  end,  so  that  two  of  the  comers 
of  this  square  could  be  used  for  connecting  additional  apparatus.  At  one 
of  these  comers  a  single  plate  variable  air  condenser  C  was  connected, 
and  at  the  other  comer  an  arrangement  was  made  for  connecting  in 
various  standard  high  frequency  resistances,  2?,  by  means  of  mercury 
cups.  Thus  the  resistance  of  the  circuit  could  be  measured  by  adding 
into  the  circuit  known  resistances. 

Measuring  Circuit. 

To  determine  the  change  in  current  in  the  test  circuit  produced  by 
different  conditions  of  the  wire,  a  circuit  containing  a  20  cm.  loop  of 


FJr.  3. 
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wire  closed  at  its  end  by  a  thermo-element  was  inductively  coupled  to 
this  circuit.  The  thermo-couple  was  especially  designed  and  constructed 
so  as  to  have  as  small  currents  as  possible  induced  in  the  galvanometer 
circuit.  This  was  done  by  making  the  plane  of  the  loop  at  right  angles 
to  the  galvanometer  connections  and  by  twisting  together  the  insulated 
leads  to  the  galvanometer  as  shown  in  Fig.  3.  The  copper-constantan 
element  itself  was  mounted  in  a  bulb  which  was  evacuated  to  reduce 
thermal  losses.^  This  increases  the  sensitiveness  of  the  couple.*  The 
measuring  circuit  being  very  sensitive  could  be  loosely  coupled  to  the 
test  circuit  and  thus  introduce  only  a  very  small  resistance  into  the 
latter.  At  the  same  time  it  could  be  so  placed  that  its  loop  plane  was 
perpendicular  to  that  of  the  oscillator  circuit  and  thus  reduce  to  a 
minimum  direct  action  from  the  source  of  the  power. 

Oscillator. 

A  three-electrode  vacuum  tube  connected  as  shown  in  the  diagram 
(Fig.  4)  was  used  as  a  high-frequency  generator. 


Fig.  4. 

From  the  diagram  it  can  be  seen  that  the  oscillating  circuit  contains 
only  the  capacity  of  the  tube,  in  series  with  a  blocking  condenser  C\ 
of  i  /if.  and  the  inductance  of  a  loop  of  wire  100  cm.  square,  L.  The 
hot-wire  ammeter  M  is  placed  at  a  current  loop  so  that  it  will  indicate 
that  the  circuit  is  oscillating.    The  chokes  Ch  were  so  adjusted  that  they 

*  L  Klemencic.  Wied.  Ann..  42*  416  (1891). 

'  P.  Lebedew.  Ann.  d.  Phys.,  4  s.,  9.  209  (1902). 
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were  resonant  at  a  frequency  slightly  greater  than  the  frequency  gen- 
erated by  the  oscillating  circuit.  Such  an  adjustment  makes  the  chokes 
have  a  high  inductive  reactance  at  the  frequency  used,  and  prevents  the 
high-frequency  current  from  going  back  into  the  direct-current  circuits. 
A  negative  potential  of  about  lOO  volts  is  maintained  on  the  grid  by  means 
of  the  grid-leak  resistance  R.  Any  desired  potential  on  the  plate  could 
be  obtained  by  means  of  a  potentiometer  contact  on  a  resistance,  through 
which  the  current  from  a  300-volt  generator  was  maintained  constant 
by  means  of  a  ballast  lamp.  This  circuit,  with  the  exception  of  the 
power  supply,  was  mounted  on  a  movable  base,  so  that  the  angle  of  the 
loop  with  reference  to  the  test  circuit  could  be  altered  by  rotation  about 
two  axes.  The  coupling  could  also  be  changed  by  altering  the  position 
of  the  oscillator  with  reference  to  the  test  circuit. 

Measurement  of  Frequency. 

A  wave-meter  was  made  of  a  variable  air  condenser  with  a  maximum 
capacity  of  670  mmJ-  and  a  single  loop  of  No.  10  B.  &  S.  gauge  copper 
wire  20  cm.  in  diameter.  The  resonance  point  was  indicated  by  a 
hot-wire  galvanometer  inductively  coupled  to  this.  By  courtesy  of  the 
Conunanding  Officer,  Radio  Laboratories,  Camp  Alfred  Vail,  New  Jersey, 
use  was  made  of  the  Lecher  system  of  parallel  wires,  constructed  there 
by  the  author  during  the  war,  for  the  purpose  of  calibrating  the  wave 
meter.     In  Fig.  5  is  shown  the  arrangement  of  the  circuit.     The  single- 


Fig.  5. 

plate  variable  air  condenser  C  was  adjusted  so  that  resonance  with  an 
outside  source  was  obtained  in  the  loop  circuit.  The  resonance  point 
was  very  sharp,  due  to  the  low  resistance  of  the  circuit,  and  was  indicated 
by  placing  the  hot-wire  galvanometer  at  the  point  B.  By  this  method 
the  parallel  wires  were  directly  coupled  to  a  circuit  of  fixed  frequency  and 
standing  waves  were  produced  on  them.  The  wires  were  very  long  in 
comparison  with  the  wave-lengths  to  be  measured. 

To  measure  the  wave-length,  a  wire-bridge  mounted  on  a  long  insulat- 
ing handle  was  slid  along  the  parallel  wires  until  the  hot-wire  galvanometer 
at  B  showed  a  sudden  decrease  in  reading  to  about  half  of  its  former 
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value.  Suppose  this  position  was  ^,  then  the  distance  AB  is  some  num- 
ber of  half  wave-lengths.  If  the  position  A  is  the  first  such  position 
found  after  leaving  B,  then  ABis  one  half  wave-length.  A  large  number 
of  current  loops  could  be  located  in  this  manner,  but  since  each  position 
was  more  accurate  than  required,  only  two  such  determinations  were 
made.  While  the  method  employed  to  determine  the  wave-length  is 
similar  to  that  described  by  Rubens,^  the  use  of  a  small  hot-wire  gal- 
vanometer immediately  at  a  current  loop  to  indicate  the  positions  of 
other  current  loops  is  believed  to  be  of  considerable  advantage. 

With  an  oscillating  vacuum  tube  used  to  excite  the  system,  the 
positions  of  A  could  easily  be  located  so  that  the  value  of  the  wave- 
length thus  determined  was  accurate  within  0.5  per  cent.  The  accuracy 
of  this  method  for  giving  the  correct  indication  of  wave-length  was 
checked  down  to  38  meters  wave-length  by  a  wave-meter  composed  of 
a  standard  inductance,^  and  a  variable  air  condenser,  both  calibrated 
by  the  Bureau  of  Standards. 

Vacuum  System. 

An  oil  pump  which  was  capable  of  reducing  the  pressure  to  about  i 
mm.  of  Hg  was  connected  through  a  three-way  stopcock  to  a  drying 
tube  containing  PjOs.  To  the  other  end  of  the  drying  tube  there  was 
connected  a  system  of  two  mercury  condensation  pumps  in  series. 
These  pumps  were  made  of  Pyrex  glass  and  connected  by  means  of  graded 
glass  seal  *  to  the  McLeod  gauge*  and  mercury  trap.  The  design  of  the 
pumps  is  shown  in  Fig.  6.  An  arc*  was  used  as  the  source  of  the  vapor 
which  was  then  conducted  to  the  condensation  chamber  through  a 
half-inch  tube  wound  its  entire  length  with  No.  18  B.  &  S.  gauge  soft 
iron  wire,  with  a  cord,  soaked  in  water-glass,  wound  between  turns  for 
insulation.  To  reduce  the  heat  loss  a  covering  of  woven  asbestos  tape 
was  wound  on  outside  of  the  wire  layer.  The  iron  wire  keeps  the  tube 
conducting  the  vapor  warm*  and  at  the  same  time  acts  as  a  ballast 
resistance  for  the  arc.  Tests  made  with  this  pump  showed  that  its 
maximum  rate  of  pumping  was  obtained  when  it  consumed  300  watts 
and  that  the  way  in  which  this  power  was  applied  made  no  difference, 
*.«.,  it  could  all  be  put  into  the  arc,  using  external  resistance,  or  it  could 
be  put  into  the  arc  and  the  resistance  wound  around  the  tube  conducting 

>  H.  Rubens,  Wied.  Ann.,  42,  IS4  (1891). 

*  Circular  74  of  the  Bureau  of  Standards,  page  320. 

*  W.  C.  Taylor  and  Austin  Bailey,  Jour.  Ind.  Eng.  Chem.,  13*  1158  (1921). 

*  Austin  Bailey,  Phys.  Rev.,  15*  319  (1920). 

•L.  T.  Jones  and  H.  O.  Russell,  Phys.  Rev.,  /o,  301  (1917). 
•Gaede,  Ann.  Phjrs.,  4.  46,  357  (1915). 
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the  mercury  vapor  to  the  condensation  chamber.  The  latter  method 
of  applying  the  power  was,  however,  found  to  have  the  distinct  advantage 
of  making  the  pump  effective  sooner  after  closing  the  switch  and  at  the 
same  time  of  requiring  a  smaller  current  for  operation. 


Fig.  6. 

Observations  and  Conclusions. 

With  the  apparatus  arranged  as  described  above,  I  first  removed 
from  the  surface  of  the  wire  and  the  walls  of  the  containing  glass  tube 
much  of  the  adsorbed  gas.  This  was  accomplished  by  placing  around 
the  tube  containing  the  wire  an  electrical  resistance  furnace  and  heating 
the  glass  to  about  250°  C,  while  at  the  same  time  the  wire  was  raised 
to  a  much  higher  temperature  by  passing  a  current  of  about  2  amperes 
through  it.  This  boiling-out  process  was  continued  for  from  three  to 
four  hours  and  then  the  tube  containing  the  wire  was  sealed  off  from 
the  pumping  system.  I  then  removed  the  furnace  from  the  wire  and 
allowed  the  apparatus  to  cool  to  the  temperature  of  the  room. 

At  the  end  of  this  process  the  surface  of  the  wire  was  apparently 
covered  with  a  layer  of  oxide.  To  remove  any  adsorbed  gas  from  this 
surface  layer,  the  wire  was  heated  as  hot  as  possible  without  burning 
out,  and  the  observations  begun  immediately  afterwards.     The  observa- 
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tions  were  continued  until  there  appeared  to  be  no  further  change  in  the 
resistance  of  the  wire.  Expansion  of  the  wire  caused  by  the  increase  in 
temperature,  temporarily  changed  the  inductance  of  the  circuit.  To 
compensate  for  this  change,  the  circuit  was  constantly  retuned  during 
the  cooling  of  the  wire  by  adjusting  the  variable  condenser  C  shown  in 
Fig.  2.  This  adjustment  was  made  at  a  distance  from  the  circuit  by 
means  of  a  cord  wound  around  the  condenser  handle,  which  enabled 
the  observer  to  tune  accurately  without  influencing  the  circuit  by  the 
close  proximity  of  his  body.  The  position  of  the  observers  remained 
fixed  during  each  set  of  observations. 

The  attached  curves  show  the  results  of  several  such  runs.  Fig.  7 
shows  successive  runs  on  a  wire  which  had  previously  been  boiled  out 
as  described  above.  Two  heatings  of  the  wire  to  red  heat  were  made 
to  drive  off  adsorbed  gas.  This  raised  the  pressure  in  the  tube  to  about 
4  X  io~*  mm.  of  Hg  as  indicated  by  the  appearance  of  the  discharge 
through  the  tube  from  a  spark  coil.  One  day  later  the  wire  was  again 
heated  red  hot  and  beginning  twenty  minutes  later  the  series  of  observa- 
tions shown  in  Fig.  7  were  made.    The  initial  decrease  in  the  resistance 


Fig.  7. 

of  the  wire,  shown  by  the  rising  portion  of  the  curves,  is  obviously  due  to 
the  cooling  of  the  wire,  for  the  tests  made  of  the  time  required  to  obtain 
a  maximum  reading  with  the  temperature  of  the  test  circuit  constant 
proved  that  this  gradual  increase  could  not  be  due  to  the  sluggishness  of 
the  measuring  circuit.  The  subsequent  decrease  of  reading  is  attributed 
to  the  readsorption  of  a  film  of  gas  by  the  oxide  surface.  As  this  takes 
place  slowly  at  low  pressures  the  galvanometer  deflections  go  through  a 
maximum,  showing  that  the  wire  has  a  decreased  resistance  for  a  few 
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minutes  after  the  wire  has  cooled  and  before  the  gas  has  had  time  to 
be  completely  readsorbed.  The  progressive  decrease  in  the  ordinates 
of  successive  curves  in  the  series  shown  in  Fig.  7  is  probably  due  to  the 
discharge  of  the  storage  battery  of  40  amp.-hours'  capacity  which  was 
running  the  motor-generator  and  discharging  at  an  8  amp.  rate.  The 
increase  in  the  brightness  of  the  appearance  of  the  wire  after  successive 
heatings  indicated  that  the  flattening  out  of  the  maximum  was  probably 
due  to  the  removal  of  the  oxide  covering,  thus  decreasing  the  asdorbing 
surface. 

The  same  wire  used  in  Fig.  7  was  heated  in  the  resistance  furnace 
again  for  four  hours  at  about  250°  C.  and  the  appearance  of  the  wire 
surface  changed  from  a  bright  copper  color  to  a  reddish  brown,  showing 
that  the  oxide  layer  which  had  been  decomposed  by  the  heatings  pre- 
viously given  to  it  had  been  partially  reformed.  The  behavior  of  this 
wire,  plotted  in  Fig.  8,  was  similar  to  that  shown  in  Fig.  7.     No  quantita- 


Fig.  8. 

tive  comparison  can  be  made  between  these  two  figures  or  those  following 
because  of  changes  made  in  the  position  of  the  measuring  circuit.  Un- 
fortunately the  wire  burned  out  during  the  third  heating  and  a  complete 
series  could  not  be  obtained. 

The  curves  plotted  in  Figs.  9  and  10  are  made  with  a  different  wire. 
Previous  to  the  first  curve  plotted  in  Fig.  9  the  wire  had  been  boiled  out 
and  sealed  off  in  a  tube,  and  had  been  allowed  to  stand  several  days. 
The  pressure  in  this  tube  was  not  as  low  as  in  the  tube  previously  used. 
An  interval  of  7i  hours  elapsed  before  the  first  curve  in  Fig  9, 
during  which  time  the  storage  battery  was  recharged.  The  curve  follow- 
ing this  charge  of  the  storage  battery  is  very  erratic  and  full  of  accidental 
variations  but  it  shows  strong  indication  of  a  maximum.     The  next  curve 
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is  more  consistent  in  its  points  and  fewer  abrupt  changes  in  galvanometer 
deflections  were  observed. 

On  allowing  the  air  to  again  fill  the  tube  at  atmospheric  pressure  no 
marked  change  occurred.     (See  Fig.  9.)     After  heating  the  wire  in  air 


Fig.  9. 

for  ten  minutes  its  surface  appeared  almost  black,  due  undoubtedly  to 
the  formation  of  cupric  oxide,  CuO.  Immediately  after  the  heating 
current  was  turned  off  the  oscillator  was  started  again  and  observations 
made  of  the  galvanometer  deflections.  These  show  a  slight  indication 
of  a  maximum.  If  this  is  a  true  maximum  it  is  probably  due  to  the  same 
cause  as  before  but  is  much  sharper  because  the  wire  was  initially  at  a 
lower  temperature,  could  cool  more  quickly,  and  would  probably  readsorb 
gas  more  rapidly  at  atmospheric  pressure. 
The  oscillator  was  again  stopped,  the  tube  connected  to  the  vacuum 
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system  and  the  pressure  reduced  to  3  X  lo"^  mm.  of  Hg.  The  next 
two  curves  (Fig.  10)  taken  while  the  pumps  were  running,  shows  no 
maximum,  probably  because  at  this  low  pressure  the  gas  was  readsorbed 
more  slowly  by  the  oxide  layer  after  heating.  After  the  second  heating 
at  this  low  pressure  the  wire  was  apparently  covered  with  the  red  oxide, 
CujO.  When  the  mercury  condensation  pumps  were  turned  off  and  the 
backing  pump  still  kept  operating,  the  pressure  gradually  increased. 
The  mercury  in  the  pumps  was  so  hot  that  it  continued  to  go  over  and 
condense  for  some  time  after  the  current  was  turned  off.  This  continued 
operation  of  the  mercury  pumps  thus  allowed  the  pressure  to  increase 
gradually.  The  first  abrupt  rise  of  the  third  curve  shown  in  Fig.  10 
may  be  due  to  some  cause  connected  with  stopping  the  operation  of  the 
mercury  pumps,  since  the  circuit  at  this  frequency  is  very  subject  to 
variations  from  slight  changes  in  nearby  circuits.  The  final  decrease 
of  the  galvanometer  deflection  however  is  probably  due  to  the  readsorp- 
tion  of  the  gas  as  the  pressure  increased. 

Any  single  curve  taken  by  itself  would  probably  have  little  or  no 
significance  owing  to  the  large  fluctuations  in  the  readings,  due  to 
accidental  influences,  but  all  the  curves  taken  together  strongly  indicate: 
(i)  that  gas  is  readily  adsorbed  by  copper  oxide,  and  is  easily  liberated 
by  heating,  (2)  that  copper  either  does  not  adsorb  gases  as  readily  or 
that  the  adsorbed  layer  is  not  as  easily  liberated  from  the  copper  by 
heating,  (3)  that  the  resistance  of  the  wire  to  high  frequency  currents 
is  increased  by  the  presence  of  the  gas  skin. 

The  "precipitated  copper"  as  used  by  Merton  was  doubtless  largely 
cuprous  oxide  as  he  describes  it  as  "very  dark  brown  in  color,"  and  as 
"prepared  by  reducing  a  solution  of  the  copper  salt."  As  is  well  known 
CU2O  is  prepared  in  this  way.  Finely  divided  copper  can  also  be  pre- 
pared in  this  way  by  the  addition  of  suitable  reducing  agents  such  as 
N2H4H1O.  His  statement  that  "if  the  copper  is  too  strongly  heated, 
it  undergoes  a  change  in  color  and  loses  its  absorbing  power,"  would  also 
tend  to  show  that  the  "precipitated  copper"  was  largely  CU2O  and  that 
on  heating  too  strongly  it  underwent  a  chemical  change,  probably  be- 
coming metallic  copper.  Thus  interpreted,  his  results  are  in  entire 
agreement  with  the  conclusions  given  above. 

Copper  wire  when  used  commercially  is  doubtless  covered  with  a 
thin  layer  of  oxide,  which  strongly  adsorbs  gases,  and  which  therefore 
according  to  the  above  results  increases  the  resistance  of  the  wire. 
Covering  the  surface  of  the  wire  with  some  metal  which  does  not  easily 
oxidize  and  at  the  same  time  does  not  appreciably  adsorb  gases  would 
probably  decrease  the  resistance  of    the  wire.     Possibly   tin-covered 
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copper  wire  would    prove  to  have  a  lower  high-frequency  resistance 
than  copper  wire  of  the  same  size. 

In  closing,  I  wish  to  express  my  keen  appreciation  of  the  interest  shown 
and  encouragement  given  in  this  work  by  Professor  Ernest  Merritt  and 
of  the  coSperation  of  Professor  R.  C.  Gibbs  in  obtaining  the  material 
necessary  to  work  out  this  problem.  The  advice  and  suggestions  given 
by  other  members  of  the  Department  of  Physics  throughout  the  progress 
of  this  research  is  also  greatly  appreciated.  Likewise,  I  wish  to  acknowl- 
edge the  generous  assistance  which  I  have  received  from  Professor 
Ernest  Merritt  and  Doctor  Gordon  S.  Fulcher  in  preparing  this  material 
for  publication. 

Cornell  University, 
June,  1920. 
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ELECTROMAGNETIC  WAVES   IN  ABSORBING  MEDIA. 

By  Lbigh  Page. 

Synopsis. 

Specific  Intensities  of  Radiation  in  Two  Media  in  Thermal  Equilibrium. — If  the 
media  are  transparent,  the  specific  intensity  of  radiation  K  is  proportional  to  the 
square  of  the  index  of  refraction,  as  was  shown  by  Kirchhoff.  In  dealing  with 
absorbing  media  Planck  assumes  that  K  is  proportional  to  the  square  of  the  real 
part  of  the  complex  index.  Laue  has  questioned  the  validity  of  this  assumption 
and  has  published  an  investigation  of  the  problem  purporting  to  show  that  K  is 
proportional  to  the  square  of  the  modulus  of  the  index  of  refraction.  Laue,  however, 
has  treated  incident  and  reflected  waves  in  an  absorbing  medium  as  separate  entities 
in  computing  energy  fluxes,  a  method  which  is  not  legitimate  when  a  change  in 
phase  occurs  at  reflection.  The  mathematical  investigation  of  the  problem  given 
in  this  paper  confirms  Planck's  assumed  proportionality  in  the  case  of  moderately 
absorbing  media.  In  intensely  absorbing  media  it  is  doubtful  if  it  is  legitimate 
to  substitute  trains  of  plane  waves  of  equal  intensity  moving  in  all  directions  for 
the  irregular  fluxes  due  to  emission  and  absorption  in  the  medium. 

Energy  Flux  for  Homogeneous  Plane  Waves  Incident  on  the  Plane  Surface  of  an 
Absorbing  Medium. — Equations  are  derived  for  the  energy  reflected  and  the  energy 
transmitted.  On  account  of  the  difference  in  phase  between  incident  and  reflected 
waves  the  rate  of  absorption  near  the  surface  varies  with  the  phase;  in  fact,  it  is 
negative  for  part  of  each  period. 

IN  the  theory  of  heat  radiation  it  is  of  interest  to  investigate  the  relation 
between  the  specific  intensities  of  radiation  X  of  a  given  frequency 
in  two  media  in  thermal  equilibrium  with  each  other.  The  relation  for 
the  case  of  transparent  media,  given  by  Kirchhoff,^  is  obtained  very  easily. 
Let  subscripts  i  and  %  refer  to  the  two  media  and  suppose  the  surface 
of  separation  to  be  smooth  and  plane.  Then  the  energy  of  plane  polarized 
waves  incident  at  angle  0i  (Fig.  i)  in  the  first  medium  inside  the  conical 
angle  dQi,  per  unit  area  of  the  surface  of  separation,  per  unit  time, 
per  unit  frequency  range,  is 

Ki  cos  01  dQi, 

If  fi  is  the  coefficient  of  reflection,  the  energy  reflected  is 

ri^Ki  cos  01  dQi. 

Hence  the  energy  transmitted  into  the  second  medium  is 

(i  —  ri^)Ki  cos  4>idQi  =  (i  —  ri^)Ki  cos  4>i  sin  <t>\d<t>idy,  (i) 

7  being  the  azimuth. 

^  G.  Kirchhoff,  Gesammelte  Abhandlungen.  p.  594,  1882. 


Digitized  by 


Google 


Vol.  XX.l 
No.  a.      J 


ELECTROMAGNETIC   WAVES  IN  ABSORBING  MEDIA. 


167 


Equating  to  this  a  similar  expression  for  the  energy  transmitted  from 
the  second  into  the  first  medium,  and  making  use  of  Snell's  law 


vi  sin  01  =  Vi  sin  4>tt 
where  v  is  the  real  index  of  refraction,  it  follows  that 


K 


Wt* 


But,  the  electromagnetic  theory  of  light  gives 


(2) 


(3) 


Hence 

In  his  book  on  heat  radiation,^  Planck  states  this  law  in  the  form 
"the  specific  intensities  of  radiation  of  a  certain  frequency  in  the  two 
media  are  in  the  inverse  ratio  of  the  squares  of  the  velocities  of  propaga- 
tion, or  in  the  direct  ratio  of  the  squares 
of  the  indices  of  refraction,*'  and,  while 
his  proof  is  limited  to  transparent  media, 
he  assumes  that  the  result  holds  for  ab- 
sorbing media. 

Laue*  has  questioned  the  validity  of 
extending  this  relation  to  the  case  of 
absorbing  media,  and  concludes  that  in 
this  case  the  ratio  should  be  that  of  the 
squares  of  the  moduli  of  the  complex  in- 
dices of  refraction,  instead  of  the  squares 
of  the  real  parts  of  these  indices,  as 
Planck  implies.  The  difficulty  in  using 
Planck's  method  of  derivation  in  the 
case  of  absorbing  media  lies  in  the  fact 
that  except  in  special  cases  a  homogene- 
ous plane  wave  incident  in  one  medium  will  be  transmitted  into  the  other 
as  an  unhomogeneous  plane  wave.  In  the  latter  type  of  wave  the  flux  of 
energy  is  not  continuously  along  the  wave  normal,  but  varies  in  direction 
as  the  phase  changes.  Hence  the  energy  in  the  refracted  wave  is 
scattered,  and  Snell's  law  cannot  be  applied. 

Laue's  method  of  attacking  the  problem  is  this.     He  considers  first 
equilibrium  between  two  media  whose  indices  of  refraction  have  the 

*  The  Theory  of  Heat  Radiation  (Masius),  p.  35.  1914. 

*  Ann.  d.  Phys.,  32,  1085.  1910. 
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same  arguments  but  different  moduli  for  waves  of  the  particular  frequency 
under  consideration.  In  this  case  a  homogeneous  plane  wave  in  one 
medium  will  remain  homogeneous  on  passing  into  the  other,  and  hence 
the  method  of  derivation  used  by  Planck  for  transparent  media  applies. 
For  if  the  complex  absolute  index  of  refraction  is  denoted  by 

N  =  ne^  =  v{i  +  tx), 
then  the  relative  index 

—  =  ^S 

will  be  real  for  equal  ^'s  in  the  two  media.  Hence  in  place  of  (3)  is 
obtained  the  relation 

In  order  to  find  out  how  this  relation  involves  the  argument  of  the 
index,  Laue  next  considers  two  media  (one  may  be  vacuum)  whose 
indices  of  refraction  have  the  same  moduli  but  different  arguments. 
He  assumes  that  the  irregular  radiation  passing  through  any  point  of 
the  medium  is  equivalent  to  trains  of  homogeneous  plane  waves  of  equal 
intensity  traveling  in  all  directions,  insofar  as  the  average  flux  of  energy 
is  concerned.  Then  he  takes  expression  (i)  for  the  energy  transmitted 
through  the  surface,  where  r  is  the  modulus  of  the  now  complex  coefficient 
of  reflection.  Integrating  over  a  hemisphere  he  gets  an  expression  for 
the  energy  transmitted  from  the  first  medium  into  the  second.  By 
the  same  procedure  a  corresponding  expression  is  obtained  for  the  energy 
flowing  through  the  surface  from  the  second  medium  into  the  first.  In 
the  state  of  equilibrium  these  expressions  must  be  equal.  But  the 
integrands  are  the  same,  and  as  there  is  no  total  reflection  the  limits  of 
the  two  integrals  are  the  same.     Hence 

and  Laue  concludes  that  the  ratio  of  the  specific  intensities  is  not  a 
function  of  the  arguments  of  the  indices  of  refraction  of  the  media. 
Hence,  in  general,  this  ratio  must  equal  the  ratio  of  the  squares  of  the 
moduli,  whereas  Planck  has  assumed  it  equal  to  the  ratio  ot  the  squares 
of  the  real  parts  of  the  indices  of  refraction. 

Laue's  method  is  open  to  objection  on  the  score  that  it  is  not  obviously 
legitimate  to  replace  the  irregular  radiation  produced  by  absorption 
and  reemission  in  a  medium  which  is  not  transparent  by  trains  of  homo- 
geneous plane  waves  of  equal  intensity  moving  in  all  directions.     This 
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ideal  condition,  which  must  be  assumed  in  order  that  the  mathematical 
analysis  of  the  problem  may  not  become  hopelessly  involved,  would  seem 
to  be  less  permissible  the  more  strongly  absorbing  the  medium,  and  the 
shorter  the  distance  waves  can  proceed  from  their  sources  without  being 
greatly  reduced  in  intensity. 

However,  a  closer  examination  of  the  problem  does  not  confirm  Laue's 
conclusion  that  the  ratio  of  the  specific  intensities  of  radiation  is  inde- 
pendent of  the  arguments  of  the  indices  of  refraction  even  when  his 
method  of  analysis  is  followed.  For  Laue  has  assumed  that  incident 
and  reflected  waves  in  an  absorbing  medium  may  be  treated  as  separate 
entities  in  computing  the  energy  transmitted  across  the  surface.  This 
assumption  would  be  legitimate  if  there  were  no  change  in  phase  on 
reflection.  The  change  in  phase,  however,  results  in  a  transmission 
through  the  surface  of  an  amount  of  energy  greater  than  the  difference 
between  that  brought  up  in  the  incident  wave  and  that  taken  away  in 
the  reflected  wave.  This  is  in  no  way  contradictory  to  the  principle  of 
conservation  of  energy,  as  the  energy  absorbed  near  the  surface  supplies 
the  excess  of  energy  transmitted  over  that  accounted  for  by  the  difference 
of  incident  and  reflected  energies. 

The  object  of  this  paper  is  to  investigate  by  Laue's  method  the  ratio 
of  the  specific  intensities  in  two  media  which  have  the  same  moduli  but 
different  argument?  in  their  indices  of  refraction.  Without  loss  of 
generality  one  of  the  media  may  be  assumed  to  be  vacuum.  The 
modulus  of  the  index  of  refraction  of  the  other,  then,  will  be  unity. 
It  is  shown  below  that  for  moderately  absorbing  media,  Laue*s  equation 
(5)  should  be 

-^  =  cos*  ^1,  (6) 

where  K  refers  to  vacuum.  Hence  combining  with  (4),  it  is  seen  that  in 
the  general  csise  where  both  moduli  and  arguments  differ  in  the  two 
media, 

Ki      n^  cos-  ^1*      v^ 


Kt      n^  cos*  }p% 


(7) 


which  is  the  relation  deduced  by  Kirchhoff  and  Planck  for  transparent 
media.  Hence  Planck's  extension  of  this  relation  to  absorbing  media 
is  justified,  at  least  for  the  case  of  moderate  absorption.  In  the  case  of 
intensely  absorbing  media,  it  is  doubtful  if  the  substitution  of  trains  of 
homogeneous  plane  waves  for  the  energy  fluxes  actually  present  is 
legitimate. 
Consider  a  homogeneous  plane  wave  proceeding  through  an  absorbing 
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medium  in  the  direction  of  the  X-axis.  Let  the  electric  vector  E  and 
displacement  D  have  the  direction  of  the  F-axis.  Then  the  magnetic 
vector  H  will  lie  along  the  Z-axis.  If  a)/2ir  is  the  frequency  of  the  radia- 
tion, and  5  stands  for  the  wave  slowness  in  vacuo,  the  electromagnetic 
equations  give 

D  =  An^e~^^  •***  '^^^•*l«'<»  «>•  '^^•-o+a^i. 
The  Poynting  flux  is  continuously  in  the  X  direction  and  amounts  to 

=  \cAHe'^  •»'^  '^^•{cos  ^  -f  cof  [2a)(n  cof  ^5x  -  /)  +  ^]},  (8) 

and  the  energy  density 

u  =  fEDdt  +  \IP 

=  iilV^-^**  •*"  *^[cos  ^{cos  ^  +  co«  [2w(n  cos  ^5x  -  0  +  ^]} 

-f  sin  4^{2(d  cos  ^  —  sin  [2a)(«  cos  ^5:c  —  0  +  ^]}-     (9) 

But  the  energy  propagated  in  the  form  of  waves  must  be  equal  to  the 
Poynting  flux  divided  by  the  velocity  of  propagation  q,  that  is, 

s 

n  cos  ^ 
c 

=  iAhih'-^''  •*»  '''^cos  ^{cos  \p  +  cos  [2w(n cos  \pSx  -  t)  +4^]},     (lo) 

and,  as  the  coefficient  of  absorption  is  evidently 

a  =  2a}n  sin  ^5, 
the  energy  absorbed  is 

ih  =  J'ocuiqdt 

=  i^Ve-*^»*'''''*'sin^{2w/cos^-sin[2w(ncos^5x-/)+^]}.       (ii) 

The  sum  of  Ui  and  Ut  checks  with  u,  as  it  should. 

Now  it  appears  from  (ii)  that  the  rate  of  absorption  is  not  the  same 
at  different  points  along  the  wave,  but  varies  with  the  phase.  Fig.  2  is 
a  graph  of  £,  H,  D,  Ui  and  s.  The  curve  giving  the  rate  of  absorption 
of  energy  has  the  same  form  as  that  for  the  energy  Ui  propagated  by  the 
wave.  It  will  be  noted  that  this  curve  lies  below  the  horizontal  axis 
wherever  E  and  H  have  opposite  signs.  In  these  regions  the  rate  of 
absorption  is  negative,  that  is,  the  medium  is  returning  to  the  wave 
energy  previously  absorbed. 

Consider  now  a  train  of  homogeneous  plane  waves  incident  in  the 
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absorbing  medium  i  (Fig.  i)  at  the  angle  0i.  This  medium  has  an  index 
of  refraction  with  unit  modulus,  i.e.,  n  is  unity.  Medium  2  is  vacuum, 
and  quantities  referring  to  it  will  be  denoted  by  letters  without  subscripts. 

H  E 


Fig.  2. 

Confining  attention  to  plane  polarized  waves  with  the  electric  vector 
normal  to  the  plane  of  incidence,  at  the  surface 

Hi.  =  ill  sin«ie»i"(~'^i*«'  -^^  *i-o+^ii^ 

Hl^  =    -  ill  COS«ie»I-<~- ^1^  .in^i-O-H^ll^ 

in  the  incident  wave.     The  complex  coefficient  of  reflection  may  be 
written 

i?ii  =  ri^e^»^. 

Then  in  the  reflected  wave 

hI  =  rij^Ai  sin  <l>ie^^^^^' *'^^  -i*^  0i-o+^i-t^ixi^ 
Hi^  =  rij^A  1  cos  0ie»l«<~«  ^i*'*'  'i*^  ♦i-o-h^i-Hfiii, 

Now,  the  flux  of  energy  through  the  surface  is 

51.  =  -  c[Ei^Hi^  +  Ei/HiJ  +  EiH^'  +  E^/H^l 

If  there  were  no  change  in  phase  on  reflection  the  last  two  terms  in  the 
brackets  would  be  equal  and  opposite  in  sign.  Laue's  result  is  due  to  his 
omission  of  these  terms. 

Substituting  the  values  of  the  electric  and  magnetic  intensities,  and 
averaging  over  a  period, 

5i.  =  ici4i*  cos  01  cos  ^i[(i  —  rij^')  +  2rij^  sin  ^ij^  tan  ^1].  (12) 

The  first  term  represents  the  difference  between  the  energy  brought 
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up  by  the  incident  waves  and  that  carried  away  by  the  reflected  waves; 
the  last  term  represents  energy  which  had  previously  been  absorbed 
by  the  medium  close  to  the  surface  and  is  now  transmitted  across  the 
surface  into  the  vacuum  in  the  form  of  waves.  In  fact,  an  investigation 
of  absorption  near  the  surface  shows  that  the  phase  relation  between 
reflected  and  incident  waves  is  such  that  more  than  the  average  absorp- 
tion occurs  in  this  region.  This  excess  absorption  just  accounts  for  the 
excess  energy  transmitted  across  the  surface. 

For  waves  with  the  electric  vector  in  the  plane  of  incidence,  the  same 
method  of  investigation  gives  ^ 

5i.  =  ^cAi^  cos  «i  cos  ^i[(i  -  flu*)  -  2ri„  sin  ^i„  tan  ^1].       (13) 
Now 

^cA  1^  cos  ^1  =  Ki  sin  4>\d4>idy. 

Therefore,  taking  both  states  of  polarization  into  account,  and  in- 
tegrating over  a  hemisphere,  the  total  energy  passing  from  the  medium 
into  the  vacuum  is 

r/2 
COS  01  sin  0id0i[(22  —  r^^  —  ri,,*)  +  2  tan  ^1 

(rij^  sin  ^ij^  -  ri,,  sin  ^1,,)]. 

Calculating  the  coefficients  of  reflection  and  substituting  their  values 
in  this  expression 


51,  =  8irXi  sec  ^1  I      c  cos*  01  sin  0id0i| 


cos  d 


cos'  0i-t-c'-l-2c  cos  01  cos  (^1— d) 
cosd 1  . 

"^  cos'  01  +  C2  -t-  2C  COS  01  COS  (^1  +  d)\  ^^^^ 

where 

is  the  complex  cosine  of  refraction. 

Following  the  same  procedure  in  calculating  the  energy  passing  from 
the  vacuum  into  the  medium,  the  final  terms  in  the  expressions  corre- 
sponding to  (12)  and  (13)  are  absent  as  ^  is  zero.  In  this  case  the  total 
flux  is 

cos  (^1  +  di) 


f'/2  .  f 

8irX  I       Ci  cos'  0  sin  0d0  {  — r- — r- 


+ 


Cl'  +  2Ci  COS  0  COS  (^1  +  di) 

cos  (^1  —  di) 


cos'  0  +  Ci'  -f  2Ci  COS  0  cos  (^1  —  di) 
>  As  ri,i  sin  $\\\  is  negative,  the  last  term  in  (13)  is  positive. 
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[f '/«  f  COS  di 

COS  ^1  I      Ci  COS*  <t>  sm  0  d0 


r/2 


COS*  0  +  Ci*  +  2Ci  COS  0  COS  (^1  +  di) 

cosdi 

COS*  0  +  Ci*  +  2Ci  COS  0  COS  (^1  —  di) 

Ci*  sin*  di  cos'  0  sin  0  d0 


[cos*  0+Ci*+2Ci  COS  0COS  (^i+di)][cos*  <t> 

+Ci^+2Ci  COS  «  COS  (ii-di)]         (15) 


Now,  as  sin  di  is  of  the  order  of  sin  ^1,  the  last  integral  in  (15)  is  of  an 
order  not  less  than  sin*  ^1  as  compared  with  the  first.  Hence  in  the 
case  of  moderately  absorbing  media  it  can  be  neglected. 

It  can  easily  be  shown  that  when  <t>i  equals  <t>,  c  =  Ci  and  d  =  —  di. 
Hence  the  integrand  in  (14)  is  identical  with  that  of  the  first  integral 
in  (15)  for  equal  values  of  0i  and  <t>.  Equating  these  two  expressions 
and  canceling  the  equal  integrals,  equation  (6)  is  obtained  for  moderately 
absorbing  media. 

The  writer  is  indebted  to  Mr.  N.  I.  Adams  for  calling  his  attention  to 
the  limitation  of  Planck's  deduction  of  the  relation  between  the  specific 
intensities  of  radiation  to  the  case  of  transparent  media. 

Sloans  Physics  Laboratory, 
April,  ig22. 
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A  TRANSITION  OR  ADSORPTION-LAYER  THEORY  OF  THE 
E.M.F.   OF  THE  VOLTAIC   CELL. 

By  R.  D.  Klbeman. 

Synopsis. 

Transitkm'Layer  Theory  of  the  Difference  of  Potential  between  an  Electrolyte  and 
a  Metal  Plate  Immersed  in  It. — Since  the  layer  of  solution  adjacent  to  the  plate  U 
under  the  influence  of  the  molecular  forces  of  the  metal  plate  on  one  side  and  under 
those  of  the  liquid  on  the  other,  it  will*  in  general,  differ  from  the  rest  of  the  solution 
in  density,  in  concentration  of  solute  (adsorption),  and  in  degree  of  dissociation; 
and  because  of  the  difiference  in  the  diffusion  velocities  of  the  positive  and  negative 
ions,  a  segregation  of  the  ions  will  result  which  will  produce  an  electric  field  through 
the  lajrer  and  will  also  charge  the  plate  and  the  solution  oppositely.  These  two 
fields,  one  due  to  the  asymmetrical  distribution  of  ions  (volume  charge)  and  the 
other  to  the  charge  on  the  plate,  together  cause  the  potential  difference  observed 
between  metal  and  solution.  The  theory  explains  the  well-known  phenomena  of  the 
voltaic  cell  and  also  leads  to  the  prediction  of  a  number  of  new  effects.  When  equi- 
librium exists  the  rates  of  gain  and  of  loss  of  charge,  by  diffusion  of  ions  to  the 
plate  and  by  chemical  action,  must  be  equal.  This  equilibrium  should  take  an 
appreciable  time  to  establish  initially,  it  should  be  affected  by  a  magnetic  field  and 
should  be  different  if  there  is  relative  motion  between  the  plate  and  the  liquid. 
Also,  if  this  theory  is  correct,  the  e.m.f.  of  a  voltaic  cell  should  depend  on  the  distance 
apart  of  the  plates  and  should  change  when  a  direct  or  alternating  current  is  sent 
through  the  cell;  and  two  rods  of  the  same  metal  but  of  different  diameters  should 
show  a  difference  of  potential  when  dipped  in  the  same  electrolyte.  These  effects 
will  be  looked  for  experimentally.  The  general  differential  equations  for  the  difference 
of  potential  according  to  this  theory  are  given,  but  contain  various  functions  whose 
form  is  at  present  unknown. 

Transition  layer  at  the  free  surface  of  a  liquid  should  show  not  only  an  adsorp- 
tion effect  but  also  a  segregation  of  the  charges  which  may  be  associated  with  the 
electrical  effects  of  bubbling  through  liquid, 

XT  UMEROUS  theories  have  been  proposed  to  explain  the  nature  of 
-*-  ^  the  e.m.f.  of  a  cell.  The  most  successful  one  that  has  of  late 
been  proposed  is  that  by  Nernst.  Briefly  his  theory  may  be  stated  as 
follows:  When  a  metal  is  in  contact  with  a  liquid  there  exists  a  tendency 
of  the  metal  to  go  into  solution  in  an  electrified  condition,  which  would 
leave  the  metal  plate  oppositely  charged.  The  magnitude  of  this 
tendency,  which  is  measured  by  what  Nernst  calls  the  solution  pressure 
of  the  ions,  depends  on  the  nature  of  the  metal  and  the  liquid  or  solution. 
Therefore,  if  two  different  metals  are  placed  in  the  same  liquid,  or  solu- 
tion, a  difference  of  potential  may  exist  between  them,  which  would  give 
rise  to  the  flow  of  an  electric  current  on  joining  the  plates  by  a  wire. 
Qualitatively  the  theory  explains  well  such  cells  as  the  Daniel,  and  cells 
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of  a  similar  nature,  but  fails  to  do  so  in  other  cases  without  the  intro- 
duction of  additional  hypotheses,  especially  in  those  cases  where  the 
metal  does  not  appear  to  go  appreciably  into  solution  and  the  action 
of  the  cell  is  attended  by  the  evolution  of  gases  on  the  metal  plates. 
Quantitative  agreement  of  the  formulae  deduced  from  the  theory  has 
been  obtained  only  in  sp^al  cases.  It  appears,  therefore,  that  Nemst's 
theory  of  the  e.m.f.  of  a  cell  requires  modification,  or  that  a  new  theory 
should  take  its  place.  It  is  evident  or  obvious  on  general  chemical 
grounds  that  a  metal  in  a  liquid  would  tend  to  go  into  solution.  But  this 
might  be  a  purely  secondary  effect  as  far  as  the  production  of  an  e.m.f. 
is  concerned.  In  fact  I  will  show  that  this  is  the  case.  A  theory  can 
be  formulated  which,  as  I  will  show  in  th.s  paper,  explains  the  production 
of  an  e.m.f.  in  all  cases,  by  reference  to  well-known  effects,  and  which 
indicates  the  existence  of  many  interesting  and  important  associated 
and  subsidiary  effects. 

Let  us  consider  a  liquid  or  a  solution  in  contact  with  a  metal  plate. 
Since  the  density  of  the  metal  is  not  likely  to  be  the  same  as  that  of  the 
liquid — in  most  cases  it  would  be  greater,  the  attraction  exerted  by  an 
element  of  matter  of  the  plate  on  an  element  of  matter  of  the  liquid  at  a 
given  distance,  would  be  different  in  magnitude  from  that  obtained  if 
both  elements  of  matter  belonged  to  the  liquid.  Accordingly  the  layer 
of  liquid  in  the  immediate  vicinity  of  the  plate  would  be  subjected  to  a 
set  of  forces  of  different  magnitude  than  a  layer  at  some  distance  from 
the  plate.  The  density  of  the  liquid  near  the  plate  would  therefore  be 
different  from  that  in  the  interior  of  the  liquid,  in  fact,  it  would  gradually 
change  on  passing  from  the  immediate  vicinity  of  the  plate  into  the 
interior  of  the  liquid.  Since  the  attraction  between  two  elements  of 
matter  decreases  very  rapidly  with  the  increase  of  their  distance  of  sepa- 
ration, the  greater  part  of  this  change  would  take  place  in  a  very  thin 
layer  next  to  the  plate  which  accordingly  may  be  called  the  transition 
layer  of  the  liquid.  The  thickness  of  the  layer  may  be,  however,  it  is 
of  importance  to  point  out,  many  times  greater  than  the  distance  between 
two  elements  of  matter  at  which  the  force  they  exert  upon  each  other 
ceases  to  be  of  appreciable  magnitude.  It  is  evident  that  a  modified 
layer  of  liquid  will  exist  in  the  immediate  vicinity  of  the  plate  whose 
thickness  is  at  least  equal  to  the  radius  of  the  sphere  of  action  of  a  mole- 
cule of  the  plate.  Another  modified  layer  of  liquid  will  exist  adjacent 
to  the  first  layer,  since  it  is  bounded  on  one  side  by  a  modified  layer. 
The  thickness  of  the  second  layer  is  equal  to  the  radius  of  the  sphere  of 
action  of  a  liquid  molecule.  A  third  modified  layer  will  exist  adjacent 
to  the  second  layer,  and  so  on.    These  layers  will  differ,  the  less  from 
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each  other,  the  greater  the  distance  from  the  plate,  and  at  a  certain 
distance,  which  may  be  taken  as  the  thickness  of  the  total  layer,  the 
state  of  the  liquid  will  not  differ  appreciably  from  that  at  a  great  distance 
from  the  plate. 

The  liquid  in  the  transition  layer  will  differ  in  other  respects  than 
density  from  the  other  parts  of  the  liquid.  Thus  if  the  liquid  is  a  solu- 
tion the  ratio  of  the  mass  of  solute  to  solvent  will  vary  from  one  plane 
in  the  layer  to  another,  and  differ  on  the  whole  from  the  ratio  in  the 
remaining  part  of  the  solution.  This  effect  is  well  known  and  is  called 
adsorption.  In  the  case  that  the  solute  is  an  electrolyte  other  important 
effects  may  occur,  which  would  give  rise  to  an  e.m.f.  across  the  layer. 
According  to  the  theory  of  dissociation,  a  number  7  of  neutral  molecules 
in  the  solution  dissociate  into  ions  each  second.  This  number  depends 
on  the  density  of  the  solution,  the  concentration  of  the  solute,  and  the 
temperature.  It  would,  therefore,  have  different  values  in  different 
parts  of  the  transition  layer.  At  the  same  time  ions  would  become 
neutral  molecules  by  recombination,  the  loss  by  recombination  being 
equal  to  oniWj,  where  «i  and  «2  denote  the  concentrations  of  the  positive 
and  negative  ions  respectively,  and  a  the  coefficient  of  recombination. 
The  value  of  a  would  also  change  from  one  part  of  the  transition  layer  to 
another.  If  the  rate  of  diffusion  of  the  negative  ions  is  different  from 
that  of  the  positive,  as  is  usually  the  case,  a  partial  separation  of  the 
ions  of  different  signs  will  gradually  take  place.  These  rates  of  diffusion, 
it  should  be  noted,  will  vary  from  one  part  of  the  layer  to  another,  and 
will  evidently  depend  on  the  direction  of  the  diffusion  with  respect  to 
the  plate.  In  the  immediate  vicinity  of  the  plate  there  is,  therefore, 
likely  to  be  a  surplus  of  ions  of  one  sign.  The  plate  will  accordingly 
become  electrically  charged  through  the  motion  of  translation  of  the 
ions  bringing  them  into  contact  with  the  plate,  which  effect  is  modified 
by  the  electrostatic  attraction  exerted  by  the  plate  on  the  ions.  The 
sign  of  the  electric  charge  on  the  plate  very  probably  is  the  same  as  that 
of  the  ion  which  is  in  surplus  near  the  plate.  The  plate  will  cease  to 
charge  up  any  further  when  the  electrical  gains  and  losses  per  second 
are  equal.  Corresponding  to  the  charge  on  the  plate  an  equal  and 
opposite  charge  is  distributed  throughout  the  solution.  This  will  give 
rise  to  an  electrical  field  in  the  solution,  which  for  convenience  will  be 
called  the  plate  electrical  field.  The  segregation  of  ions  in  the  translation 
layer  due  to  different  migration  velocities  will  give  rise  to  another 
electric  field  which  for  convenience  will  be  called  the  liquid  transition 
layer  field.  Equilibrium  exists  when  the  migration  of  the  ions  under  the 
action  of  the  plate  and  transition  layer  electric  fields,  osmotic  pressure, 
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etc.,  is  such  that  there  is,  on  the  whole,  no  gain  or  loss  of  ions  in  any 
part  of  the  layer  and  solution.  It  should  be  observed  that  the  plate 
electric  field  by  itself  cannot  exist.  For  in  that  case  the  ions  in  the 
solution  corresponding  to  the  electric  charge  on  plate  would  gradually 
be  drawn  towards  the  plate,  and  the  electric  field  thus  disappear.  If, 
however,  a  tendency  exists  for  the  ions  to  segregate  in  the  solution  so 
that  ions  of  opposite  sign  to  the  charge  on  plate  tend  to  move  away  from 
the  plate,  the  existence  of  the  plate  electric  field  would  become  possible. 
This  is  a  very  important  point  in  the  theory. 

Thus  the  effect  of  the  segregation  of  ions  would  be  to  produce  an  electric 
field,  extending  in  the  main  from  the  outer  boundary  of  the  transition 
layer  to  the  plate.  It  might  be  represented  by  two  layers  of  electricity 
of  opposite  sign  separated  by  a  dielectric  whose  inductivity  varies  from 
layer  to  layer,  and  whose  thickness  is  equal  to  the  thickness  of  the 
transition-layer.^  The  change  in  potential  experienced  on  passing  an 
electric  charge  from  the  remote  side  of  the  layer  to  the  plate  is  the 
difference  of  potential  between  plate  and  solution  and  may  be  called  the 
transition-layer  difference  of  potential.  The  magnitude  of  this  potential 
will  depend  on  the  nature  of  the  metal,  the  nature  and  the  concentration 
of  the  solution,  and  the  temperature,  since  the  density  of  the  transition 
layer,  and  the  relative  distribution  of  solvent  and  solute,  would  depend 
on  the  molecular  forces  exerted  by  the  metal  plate  on  the  solution. 
Therefore  when  two  different  metal  plates  are  placed  in  the  same  solution 
an  e.m.f.  would  exist  between  them  which  would  be  equal  to  the  alge- 
braical sum  of  the  e.m.f. 's  of  the  two  transition  layers.  Therefore 
when  two  different  metal  plates  are  joined  by  a  wire  a  current  would 
flow  from  one  to  the  other  returning  through  the  solution. 

It  should  be  carefully  noted  that  the  electric  field  between  plate  and 
solution,  and  the  corresponding  difference  of  potential,  consists  of  two 
distinct  parts,  one  due  to  the  electric  charge  on  the  plate,  and  the  other 
due  to  an  asymmetrical  distribution  of  ions  in  the  solution.  The  plate 
electric  field,  we  have  seen,  may  be  said  to  be  the  outcome  of  the  transi- 
tion-layer field.  But  no  definite  relation  need  exist  between  their 
magnitudes.  Thus  it  might  happen  that  the  latter  field  is  small  in  com- 
parison with  the  former.  We  would  then  be  dealing  with  a  state  of 
affairs  to  which  Nemst's  solution  pressure  theory  may  be  applied.  It  ap- 
pears, therefore,  that  the  theory  proposed  gives  the  "mechanism"  of 
Nemst's  theory  in  the  cases  where  it  can  be  applied.  But  the  proposed 
theory  goes  a  good  deal  further,  namely,  in  explaining  the  difference  of  po- 

1  Resembling  the  Helmholz's  interfacial  condenser,  whose  apparent  formation  the 
theory  would  explain. 
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tential  in  all  cases,  including  the  important  case  when  the  metal  shows  no 
tendency  to  go  into  solution. 

It  will  be  of  interest  to  examine  a  case  of  this  particular  case  more 
closely — say  plates  of  platinum  and  carbon  immersed  in  a  solution  of 
sulphuric  acid.  A  transition  layer  will  be  formed  at  the  surface  of  each 
plate,  and  the  partial  segregation  of  the  +  H,  —  OH,  and  —  SO4  ions, 
will  give  rise  to  a  charging  up  of  the  plate  without  any  metal  necessarily 
going  into  solution,  or  any  chemical  change  whatsoever  taking  place. 
The  resultant  differences  of  potential  between  the  plates  and  the  solution 
will  not  be  the  same  since  the  transition  layers  will  differ  from  each  other 
on  account  of  being  bounded  by  different  materials.  On  joining  the 
plates  by  a  wire  a  current  will  pass  which  will  result  in  hydrogen  being 
given  off  at  one  plate  and  oxygen  at  the  other.  Let  us  suppose  that 
each  plate  gets  completely  covered  by  a  layer  of  gas.  If  the  gases  were 
conductors  of  electricity  like  a  metal  the  current  would  continue  to 
flow  but  corresponding  to  a  different  difference  of  potential,  since  the 
liquid  transition  layers  would  now  be  bounded  by  plates  of  hydrogen 
and  oxygen  respectively.  But  on  account  of  the  non-conduction  of  the 
gases  and  the  gradual  obliteration  of  the  liquid  transition  layers  which 
are  in  contact  with  the  plates,  the  current  in  practice  will  gradually 
decrease,  and  may  stop  altogether.  This  effect  is  known  as  polarization. 
It  appears  from  the  foregoing  considerations  that  polarization  in  the 
various  ways  that  it  may  occur  can  be  strikingly  explained  by  means 
of  the  proposed  theory. 

It  will  be  of  interest  next  to  examine  what  happens  according  to  the 
foregoing  theory  when  a  metal  is  immersed  in  a  solution  of  an  acid  which 
dissolves  the  metal,  say — ^a  copper  plate  in  a  solution  of  H2SO4.  The 
solutions  will  initially  contain  the  ions  +  H,  —  OH,  and  —  SO4,  which 
are  partly  segregated  in  the  transition  layer  adjacent  to  the  plate.  The 
motion  of  translation  of  the  ions  will  bring  some  of  them  in  contact 
with  the  plate,  giving  rise  to  the  formation  of  copper  oxide  and  copper 
sulphate,  the  latter  dissolving  in  the  solution.  These  ions  will  give  their 
electrical  charges  to  the  plate.  The  +  H  and  —  OH  ions  in  coming  in 
(proper)  contact  with  the  plate  might  give  up  their  electrical  charges 
without  any  chemical  action  taking  place.  The  copper  sulphate  formed 
in  the  solution  will  give  rise  to  the  formation  of  +  Cu  and  —  SO4  ions, 
and  the  electrical  nature  of  the  transition  layer  will  undergo  a  corre- 
sponding change.  This  process  will  go  on  till  equilibrium  is  reached, 
which  corresponds  to  the  number  of  copper  atoms  combining  per  second 
with  —  SO4  ions  being  equal  to  the  number  of  +  Cu  ions  deposited  on 
the  plate.     Now  these  numbers  are  evidently  controlled  by  the  electric 
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field  of  the  liquid  transition  layer  and  that  due  to  the  charge  on  the  plate. 
Thus  the  ultimate  concentration  of  the  copper  sulphate  solution  would 
be  determined  by  the  transition  layer  adjacent  to  the  plate. 

It  will  be  of  interest  to  point  out  that  the  free  surface  of  a  solution 
should  possess  a  similar  transition  layer  with  which  an  e.m.f.  would  be 
associated.  In  such  a  case  the  density  of  the  layer  will  obviously  decrease 
on  passing  from  its  lower  side  to  the  upper  side  or  surface  of  the  liquid. 
This  would  have  the  effect  of  producing  an  adsorption  effect  (which  is 
well  known),  and  a  segregation  of  the  electrical  charges  similar  to  what 
takes  place  when  the  solution  is  in  contact  with  a  metal  plate.  This 
layer  is  probably  intimately  associated  with  the  electrical  effects  produced 
by  the  bubbling  of  gases  through  liquids. 

The  distribution  of  the  electrical  charges  in  a  transition  layer  may  be 
predicted  in  a  general  way  from  the  foregoing  considerations.  Let  us 
consider  a  metal  plate  of  infinite  area  in  contact  with  a  layer  of  solution 
of  infinite  thickness.  If  the  difference  between  the  concentration  of  the 
positive  and  negative  ions,  or  «i  —  «2,  is  measured  along  a  line  at  right 
angles  to  the  plate,  and  plotted  against  the  distance  from  plate  which 
will  be  denoted  by  x,  a  curve  of  the  general  form  shown  in  Fig.  i  would 


Fig.  1. 

be  obtained  from  general  considerations  for  the  case  that  an  excess  of 
positive  ions  exists  in  the  immediate  vicinity  of  the  plate.  The  ordinate 
corresponding  to  x  =  o  gives  the  positive  charge  on  the  plate,  while  the 
ordinate  corresponding  to  dx  gives  the  excess  of  positive  ions  close  to  the 
plate.  At  the  point  x  ^  Xi  the  concentrations  of  the  different  ions  are 
equal  to  each  other,  and  at  the  point  x  =  X2  the  excess  of  negative  ions 
passes  through  a  maximum.  For  greater  values  of  x  the  excess  of  nega- 
tive ions  rapidly  decreases,  and  when  x  =  00  the  excess  is  zero,  the  curve 
being  asymptotic  to  the  x  axis  at  this  point.  It  may  happen  in  some 
cases  that  more  than  one  maximum  exists  corresponding  to  x  =  xt, 
and  that  maxima  and  minima  may  occur  between  x  =  o  and  x  =  Xi. 

If  an  excess  of  negative  ions  occurs  close  to  the  plate,  a  similar  state 
of  affairs  exists.  We  may  then  suppose  that  the  curve  represents  the 
relation  between  nj  —  «i  and  x. 
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It  appears  from  the  foregoing  results  that  if  the  layer  of  solution  is 
infinitely  thick,  strictly  speaking  this  holds  also  for  the  transition  layer. 
But  the  greater  part  of  the  change  in  the  layer  evidently  takes  place  over 
a  small  thickness,  which  may  for  convenience  be  taken  to  be  equal  to  X2 
in  Fig.  I. 

If  the  concentration  for  each  kind  of  electrical  charge  were  plotted 
against  distance  from  the  plate  two  curves  of  the  general  form  shown  in 
Fig.  2,  would  be  obtained.     Each  curve  may,  of  course,  have  more  than 


Fig.  2. 

one  maximum  or  minimum  such  as  indicated. 

The  differential  equations  of  the  transition  layer  may  immediately  be 
formulated.  The  electric  field  X  acting  towards  the  plate  at  any  point 
in  the  layer  is  given  by 

X  =  — , 

where  p  denotes  the  density  of  the  electric  tubes  of  force,  and  K  the 
inductivity  of  the  liquid.  On  differentiating  this  equation  with  respect 
to  X  we  have 

dX     4t  dp      4tp  dK 

d^^Kdi"  Y^dx 
or 

dX      ^T .  .        XdK 


li  ^K^'^'^'^'^'^Kd^' 


(I) 


smce 


dp 
dx 


=  («i  -  n2)e, 


where  e  denotes  the  charge  on  an  ion.  The  current  at  right  angles  to 
the  layer  towards  the  plate,  which  is  caused  by  the  motion  of  the  ions 
due  to  the  action  of  the  electric  field,  the  action  of  the  molecular  forces, 
and  the  motion  due  to  diffusion,  is  zero,  and  hence 

{X  +  F,)n,e  +  eD,^^+  {X  -  F,)«2^  -  cdJ^  =  o,        .  (2) 
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where  Di  and  D^  denote  the  coefficients  of  diffusion  of  the  positive  and 
negative  ions  respectively,  and  Fi  and  Ft  the  forces  respectively  acting 
on  the  positive  and  negative  ions  toward  the  plate  due  to  the  asym- 
metrical distribution  of  the  neutral  molecules.  The  algebraical  gain  in 
ions  of  one  sign  per  c.c.  through  diffusion,  dissociation  of  neutral  mole- 
cules, recombination  of  ions  of  different  signs,  and  the  velocity  given  to 
the  ions  by  the  electric  field  and  molecular  forces,  is  zero,  and  hence 

d -^ -Di^- 7  +  «nin,  «o,  (3) 

d ^ D,j^-  y  +  ccmn,  =  o,  (4) 

where  7  denotes  the  number  of  neutral  molecules  dissociating  per  c.c. 
into  ions  per  second,  a  the  coefficient  of  recombination,  and  ki  and  J^i 
the  mobilities  of  the  positive  and  negative  ions  under  unit  force  respec- 
tively. Since  the  total  positive  charge  on  plate  and  solution  is  equal 
to  the  negative  we  also  have 

J  I   ""ni'dx  =  I   \t'dx  (5) 

if  a  slab  of  solution  in  contact  with  the  plate  of  thickness  Xa  is  considered. 
The  foregoing  differential  equations  refer  to  the  ions  in  the  transition 
layer  and  the  charge  on  the  plate.    The  differential  equations  referring 
to  the  undissociated  molecules  of  the  solute  are 

dN' 
FN'  +  D'-^^o,  (6) 

,  (Fk'N')       ^,  d^N'  . 

d—^;^  -  D'^  -^+y-  cmm,  =  o,  (7) 

where  D'  denotes  the  coefficient  of  diffusion  of  the  molecules,  N'  their 
concentration,  and  V  the  mobility  of  a  molecule  under  the  force  F' 
due  to  the  surrounding  molecules  and  ions.  The  differential  equations 
referring  to  the  molecules  of  the  solvent  are 

dN" 
F"N"  +  D"-^^o,  (8) 

(F'V'N")  r.nd^N" 

where  the  meaning  of  the  symbols  F'\  N'\  k'\  and  D'\  is  obvious  from 
the  context.  The  quantities  Du  D2,  *i,  *2,  Fu  Ft,  etc.,  depend  on  the 
density,  etc.,  of  the  solution,  and  therefore  on  x.  Since  the  forms  of 
these  functions  are  not  known,  the  complete  solution  of  the  differential 
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equations  is  obviously  not  immediately  possible.  But  even  if  they  were 
known  a  complete  solution  does  not  seem  realizable  except  in  special 
cases.  The  subject  will  be  considered  more  fully  in  a  separate  paper, 
in  connection  with  the  experimental  facts. 

The  e.m.f.  between  plate  and  solution  will  also  be  subject  to  thermo- 
dynamical  conditions  which  involve  the  variables  internal  energy,  tem- 
pterature,  volume  and  external  pressure.  These  conditions  need  not 
concern  us  here  since  the  e.m.f.  would  be  subject  to  them  whatever  its 
cause.  This  aspect  of  the  subject  will  be  found  fully  treated  in  Winkel* 
mann's  Handbuch  des  Physik,  II.  ed.,  pp.  801-814. 

A  few  additional  remarks  should  be  made  in  connection  with  Nemst's 
solution  pressure  hypothesis.  Nernst  ^  has  expressed  the  difference  of 
potential  E  between  a  metal  and  solution  in  the  form 

E  =-  "  RT  log  P.  +  C, 

where  P,  denotes  the  osmotic  pressure  of  the  metal  ions  in  the  solution, 
and  C  an  integration  constant.     The  equation  may  also  be  written 

E  =  RTlogp-'  (10) 

where  P  is  of  the  nature  of  a  pressure,  and  which  has  been  called  by 
Nernst  the  solution  pressure  of  the  metal,  or  the  tendency  of  the  metal 
to  go  into  solution.  But  this  tendency,  we  have  seen,  depends  on  the 
electric  field  of  the  liquid  transition  layer  adjacent  to  the  plate,  which 
influences  the  collision  of  the  ions  of  the  solution  with  the  metal.  Thus 
in  the  proposed  theory  the  nature  and  cause  of  an  apparent  solution 
pressure  of  a  metal  is  the  adjacent  liquid  transition  layer. 

The  foregoing  theory  deals  only,  it  should  be  noted,  with  the  e.m.f. 
whose  production  and  action  is  attended  by  chemical  changes  in  the 
solution.  The  contact  e.m.f.  due  to  the  differences  in  concentration  of 
the  free  electrons  in  metals,  etc.,  accordingly  is  not  included.  The 
e.m.f.  of  a  cell  as  measured  in  practice  is  equal  to  the  sum  of  these  two 
electromotive  forces.  For  the  theory  of  the  latter  e.m.f.  the  reader  may 
consult  The  Electron  Theory  of  Matter  by  O.  W.  Richardson. 

Some  very  important  deductions  can  immediately  be  made  from  the 
foregoing  theory  of  the  e.m.f.  of  a  voltaic  cell  without  obtaining  the 
solution  of  the  differential  equations  of  the  e.m.f.  of  the  transition  layer. 
These  will  now  be  pointed  out. 

(a)  Since  according  to  Fig.  i  the  transition  layer  is,  strictly  speaking, 
infinitely  thick,  the  e.m.f.  between  two  plates  in  a  solution  should  depend 
to  a  certain  extent  on  the  distance  between  them. 

*  Theoretische  Chemie,  by  Walther  Nernst.  VII.  ed.,  p.  784. 
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(6)  An  alternating  current  sent  through  the  solution  and  plate  should 
change  the  e.m.f.  of  the  transition  layer  associated  with  the  plate.  The 
way  in  which  this  is  brought  about  will  best  appear  from  considering  a 
special  case.  Let  us  consider  a  solution  of  CUSO4  in  contact  with  a  Cu 
plate,  and  let  us  suppose  that  an  excess  of  Cu  ions,  which  are  positive, 
occur  in  the  immediate  vicinity  of  the  plate,  in  which  case  the  e.m.f. 
of  the  layer  acts  in  a  direction  away  from  the  plate.  Therefore  when 
the  direction  of  the  current  is  towards  the  plate  copper  will  be  deposited. 
On  the  current  being  reversed  the  copper  deposited  will  not  go  into 
solution  in  the  reverse  manner.  Copper  will  go  into  solution  only  as 
CUSO4  through  the  interaction  with  —  SO4  ions,  and  this  solute  will  then 
gradually  dissociate  into  +  Cu  and  —  SO4  ions.  Accordingly  when  the 
layer  is  in  equilibrium  the  distribution  of  ions  is  different  from  that 
when  no  alternating  current  is  flowing,  and  a  corresponding  change  in 
the  e.m  f.  of  the  transition  layer  would  result.  On  breaking  the  current 
the  layer  would  require  a  definite  time  to  attain  its  original  condition, 
which  might  be  measurable. 

A  consequence  of  the  foregoing  result  would  be  that  the  capillary 
electrometer  should  show  a  deflection  under  the  action  of  an  alternating 
current.  It  would  also  follow  that  the  velocity  of  colloidal  particles 
carried  along  by  an  electric  current  would  experience  a  change  in  velocity 
on  impressing  an  alternating  current  upon  the  direct  current.  An 
alternating  current  would  also  affect  the  precipitation  of  colloidal  par- 
ticles. Furthermore,  electrical  endosmose  would  be  affected  by  a  simul- 
taneous application  of  an  alternating  current. 

(c)  A  direct  current  sent  through  a  transition  layer  would  change  its 
e.m.f.  We  have  seen  that  the  distribution  of  the  ions  in  a  transition 
layer  is  such  that  the  velocity  of  migration  of  the  positive  ions,  which 
is  due  to  the  acrion  of  the  electric  field,  the  mo!ecular  field,  and  diffusion, 
is  equal  to  that  of  the  negative  ions  at  all  points.  Now  when  a  direct 
current  is  sent  through  the  layer  an  external  field  is  impressed  upon  it, 
and  hence  a  redistribution  of  electrical  charges  must  result  in  order  that 
the  foregoing  conditions  may  still  hold.  This  would  accordingly  be 
attended  by  a  change  in  the  e.m.f.  of  the  layer  which  exists  apart  ffom 
that  due  to  the  current. 

On  breaking  the  current  it  would  take  some  time  for  the  layer  to  regain 
its  original  distribution  of  electrical  charges,  and  hence  its  original 
e.m.f.  This  might  be  made  the  basis  for  detecting  the  effect,  and  to  a 
certain  extent  measuring  it. 

It  follows  from  the  foregoing  result  that  the  e.m.f.  of  a  cell  should 
change  somewhat  with  the  current  furnished  by  it.    The  effect  would 
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evidently  be  the  smaller  the  smaller  the  e.m.f.  of  the  layer  due  to  the 
passage  of  the  current  is  in  comparison  with  that  due  to  a  segregation 
of  electrical  charges. 

(d)  If  a  metal  plate  is  suddenly  plunged  into  a  solution,  the  transition 
layer  would  not  be  formed  instantaneously,  but  the  process  should  take 
some  time.  Therefore,  if  two  plates -4 1  and -4  j  of  the  same  kind  of  metal 
were  connected  with  a  galvanometer,  one  plate  to  each  terminal,  and 
the  plate  i4 1  be  immersed  in  a  solution  for  some  time,  a  sudden  deflection 
should  be  obtained  on  plunging  the  plate  At  into  the  solution.  This 
would  be  mainly  due  to  the  e.m.f.  of  the  transition  layer  associated  with 
the  plate  A  since  the  layer  of  the  plate  A  would  take  some  time  to  form. 
The  transition  layer  of  air  next  to  a  plate  before  immersion  may  have  an 
e.m.f.  associated  with  it  whose  magnitude  is  not  negligible  in  comparison 
with  that  of  the  liquid  transition  layer  on  immersion,  in  which  case  it 
would  be  necessary  to  work  in  a  partial  vacuum.  The  direction  of  the 
current  obtained  would  in  any  case  furnish  interesting  information  in 
connection  with  the  transition  layer  of  each  plate  under  various  con- 
ditions. 

(e)  If  one  of  the  plates  at  the  end  of  the  foregoing  experiment  be 
removed  from  the  solution  for  a  time,  a  transition  layer  having  an  e.m.f. 
associated  with  it  would  gradually  be  formed  on  the  surface  of  the  solution 
adhering  to  the  plate.  Hence  when  the  plate  is  suddenly  returned  to 
the  solution  a  deflection  would  be  obtained  corresponding  to  the  e.m.f. 
of  the  surface  transition  layer  of  the  solution.  The  results  obtained 
would  be  independent  of  the  nature  of  the  metal  plates  used. 

(/)  If  two  rods  of  the  same  material  but  different  diameters  be  in- 
serted into  the  same  solution,  the  transition  layers  would  not  be  the  same 
in  the  two  cases  on  account  of  the  difference  in  radius  of  curvature  of 
the  rods.  Hence  an  e.m.f.  would  exist  between  the  two  rods  equal  to 
the  difference  between  the  e.m.f. 's  of  the  transition  layers.  It  would, 
however,  be  of  appreciable  magnitude  only  if  the  radius  of  one  of  the 
rods  is  extremely  small. 

(g)  The  e.m.f.  of  a  transition  layer  would  obviously  be  affected  by 
the  application  of  an  external  pressure  upon  the  solution.  If  this  is  done 
suddenly  the  e.m.f.  of  the  layer  might  undergo  a  succession  of  interesting 
changes  before  equilibrium  is  reached  due  to  the  rearrangement  of  the 
electrical  charges. 

(A)  The  e.m.f.  of  a  transition  layer  would  be  affected  by  a  change  in 
temperature,  since  this  would  change  its  density,  etc. 

(i)  On  giving  a  motion  to  a  solution  parallel  to  the  surface  of  an 
immersed  plate,  a  part  (at  least)  of  the  transition  layer  associated  with 
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the  plate  would  be  carried  along  and  be  replaced  by  electrically  un- 
polarized  solution  which  in  turn  would  tend  to  get  more  or  less  electrically 
polarized  before  it  is  itself  carried  away.  Thus  the  e.m.f.  of  the  transition 
layer  would  be  different  under  these  conditions  from  that  existing  when 
the  liquid  is  at  rest. 

(J)  A  magnetic  field  applied  to  a  plate  immersed  in  a  solution  would 
change  the  e.m.f.  of  the  transition  layer,  since  it  would  affect  the  coeffi- 
cients of  diffusion  of  the  different  ions. 

(Jfe)  The  application  of  a  stretching  force  to  a  metal  plate  immersed  in 
a  solution  would  change  the  e.m.f.  of  the  transition  layer.  For  such  a 
treatment  would  change  the  molecular  or  atomic  arrangement  of  the 
metal  plate,  and  hence  modify  the  forces  exerted  by  the  plate  on  the 
solution. 

(/)  The  addition  of  a  non  electrolyte  to  a  solution  would  change  the 
e.m.f.  of  the  transition  layer,  since  this  would  change  the  values  of  Du 
Dt,  *i,  *,,  Fi,  Fi,  etc. 

The  foregoing  effects  might  be  experimentally  investigated  in  various 
ways.  Investigations  are  at  present  in  progress,  the  results  of  which 
will  be  published  in  subsequent  papers. 

Thb  Physical  Laboratory, 
Union  Collbgb, 

Schenectady,  N.  Y. 
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THE  VARIATION  OF  THE  RESIDUAL  IONIZATION   IN  AIR 
WITH  PRESSURE,  FOR  A  RANGE  OF  57  ATMOSPHERES.^ 

By  K.  Mel  VINA  Downby. 

Synopsis. 

Residual  lonitation  in  a  Closed  Spherical  Steel  Vessel  One  Foot  in  Diameter, 
for  Pressures  up  to  58  Atmospheres. — The  present  work  is  an  extension  of  previous 
experiments  in  which  a  linear  relation  was  found  between  rate  of  ionization  and 
pressure  up  to  22  atmospheres.  Essentially  the  same  method  and  apparatus  was 
used  as  before.  Results  for  air  from  9  to  17  days  old  are  given  in  curves.  From 
2  to  27  atmospheres,  the  rate  of  ionization  increased  linearly  with  the  pressure 
at  the  rate  of  about  1.25  pairs  of  ions  per  c.c»  per  second  per  atmosphere  change 
of  pressure.  Between  27  and  47  atmospheres  the  curves  differ  somewhat,  the 
slope  seeming  to  decrease  with  age,  but  above  47  atmospheres  all  curves  are  approxi- 
mately horizontal,  that  is.  the  ionization  was  found  to  be  practically  independent 
of  the  piessure  from  47  atmospheres  up  to  the  highest  pressure  tried.  In  view  of 
the  theoretical  conclusions  already  established  by  Professor  Swann  this  result 
clearly  proves  that  the  ionization  due  directly  or  indirectly  to  the  action  on  the 
air  of  a  penetrating  cosmical  or  other  radiation  is  extremely  small,  less  than  o.i  pair 
of  ions  per  c.c.  per  second  at  any  pressure.  Of  the  ionization  produced  at  atmos- 
pheric pressure,  about  1.25  pairs  per  c.c.  per  second  must  be  due  to  radiations, 
either  primary  or  secondary,  coming  from  the  walls  of  the  vessel  and  having  pene- 
trations of  from  28  to  47  ft.  in  air  at  atmospheric  pressure;  the  rest  must  be  due 
chiefly  to  much  softer  radiation,  also  from  the  walls.  In  the  previous  experiments 
performed  outdoors  over  water  instead  of  in  the  laboratory,  the  change  of  the 
rate  of  ionization  with  pressure  was  1.56  instead  of  1.25.  The  difference  may  be  due 
to  screening  action  by  the  laboratory  building. 

lonitation  Due  to  the  y  Rays  of  Radium  in  Air  in  a  Closed  Spherical  Steel  Vessel 
One  Foot  in  Diameter,  for  Pressures  Ranging  up  to  S7  Atmospheres. — ^A  curve  ob- 
tained with  2  mg.  of  lead-shielded  RaBr  placed  8  feet  from  the  vessel,  shows  a  slope 
which  constantly  decreases  as  the  pressure  increases,  the  slope  at  50  atmospheres 
being  about  one  eighth  of  the  slope  at  one  atmosphere.  Evidently  most  of  the 
ionization  is  due  to  secondary  radiation  from  the  walls. 

Introduction. 

THE  present  investigation  is  a  continuation  to  higher  pressures  of  a 
previous  experiment,^  in  which  the  residual  ionization  in  air  in  a 
sphere  having  an  internal  diameter  of  one  foot  was  found  to  be  a  linear 
function  of  the  pressure  up  to  twenty-two  atmospheres.  The  experi- 
ments were  undertaken  for  the  purpose  of  gaining  information  as  to  the 
type  of  radiation  responsible  for  the  residual  ionization.  The  linear 
relation  obtained  would  indicate  that  the  ionization  was  due  either  to  a 

*  Presented  at  the  annual  meeting  of  the  American  Physical  Society  in  Chicago,  December 
28-30,  1920. 

*  Phys.  Rev.,  Vol.  16,  pp.  420-437,  1920. 


Digitized  by 


Google 


Na'a^']  RESIDUAL  IONIZATION  IN  AIR.  1 87 

direct  action  of  an  external  radiation,  or  to  a  secondary  corpuscular 
radiation  emitted  from  the  walls  of  the  vessel  and  having  a  penetration 
of  at  least  twenty-two  feet  at  one  atmosphere.  The  results  obtained 
by  other  observers  on  "Residual  Ionization"  were  discussed  in  the 
previous  paper. 

Apparatus  and  Method. 

In  the  earlier  work  the  central  systems  of  two  similar  spherical  ioniza- 
tion chambers  were  connected  together  and  to  a  fiber  electrometer,  while 
the  outer  walls  of  the  chambers  were  connected  to  opposite  ends  of  a  high 
potential  battery.  This  battery  was  shunted  with  a  resistance  of  ten 
megohms,  and  the  midpoint  of  this  resistance  was  connected  to  the  case 
of  the  electrometer,  in  order  to  eliminate  completely  the  effect  of  any 
fluctuations  of  the  potential  of  the  batteries.  In  the  present  exj>eriments 
it  was  found  advisable  to  replace  the  lo-megohm  resistance  by  adjustable 
wire  resistances  immersed  in  oil  as  these  remained  more  constant  under 
rather  trying  conditions.  Furthermore  a  sliding  connection  with  the 
earth  terminal  was  arranged  so  that,  in  case  of  any  irregular  changes  in 
the  various  resistances,  the  earthing  point  ^  could  easily  be  kept  con- 
nected to  the  electrical  midpoint  of  the  resistances. 

With  a  few  exceptions,  the  details  of  tKe  pressure  arrangement  were 
the  same  as  in  the  earlier  work.  The  pressure  in  one  sphere  was  varied, 
while  that  in  the  other  sphere  was  kept  atmospheric.  The  pressures 
recorded  in  this  paper  refer  to  the  excess  over  atmospheric  just  as  in  the 
previous  paper.  In  the  case  of  the  high-pressure  ionization  sphere,  it 
was  necessary  to  replace  the  bolts  holding  the  hemispheres  together  by 
bolts  of  larger  cross-sectional  area.  During  the  course  of  the  work, 
several  imperfections  appeared  on  the  plane  surfaces  of  the  cross-sections 
of  the  hemispheres,  so  that  considerable  difficulty  was  experienced  in 
finding  suitable  material  for  the  gaskets.  Copper  was  found  unsatis- 
factory and  rubber  was  finally  resorted  to. 

The  method  of  measurement  differed  in  no  essential  way  from  that 
given  in  the  previous  paper.  The  capacity  of  the  system  was  found  to 
be  27.4  e.s.  units. 

Saturation  Voltage. 

Thorough  tests  for  the  saturation  voltage  were  made.  The  potentials 
given  to  the  ionization  spheres  and  the  corresponding  values  for  q,  the 
number  of  pairs  of  ions  per  c.c.  per  second,  are  shown  in  Table  I. 

*  It  is  convenient  to  speak  of  the  common  point  to  which  all  the  shields,  etc.,  were  con- 
nected as  the  earthing  point,  although  actual  connection  of  this  point  to  earth  is.  of  course, 
unnecessary. 
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Table  I. 


rSSCOND 

LSbrixs. 


PotentiAl 

ff 

in 
Volti. 

Prouiir6 
53  Atmospheres. 

Preiture 
53  Atmoephereg. 

Preiture 
56.7  Atmoepheret. 

120 

42.4 

42.4 

200 

45.5 

49.8 

320 

50.4 

50.4 

400 

51.3 

51.2 

520 

51.5 

600 

51.5 

51.5 

54.9 

760 

51.5 

800 

51.7 

54.8 

It  is  evident  from  this  table  that  500  volts  was  ample  for  saturation. 
The  potential  on  the  spheres  in  the  actual  exi>erimental  work  was  from 
700  to  800  volts. 

REsrouAL  Ionization  Curves. 

The  graphs  given  in  Figs,  i,  2,  3,  4  represent  the  change  in  residual 
ionization  when  the  pressure  excess  over  atmospheric  was  varied  from 
zero  to  a  value  of  the  order  of  57  atmospheres.  A  linear  relation  having 
a  constant  slope  from  one  atmosphere  to  a  pressure  of  the  order  of  27 
atmospheres  is  shown  by  all  four  curves  in  agreement  with  the  writer's 
former  results.  The  decided  drop  in  ionization  below  one  atmosphere 
was  undoubtedly  due  to  easily  absorbable  radiation. 


Table  II. 

Figure. 

^r* 

r^ 

Pressure 
St  B. 

Aafor 
CD. 

pressure 
stZ>. 

I 

17  days 
14     " 
10     " 
9     " 

1.23 
1.31 
1.20 
1.22 
1.25 

27.7 
26.3 
26.3 
27.5 
27.0 

0.58 
0.70 
0.84 
1.06 
0.79 

45.6 

II 

46.5 

Ill 

47.0 

IV 

43.8 

Average. .;....... 

45.7 

The  values  for  the  change  in  the  number  of  pairs  of  ions  produced  per 
c.c.  per  second  for  a  change  of  pressure  of  one  atmosphere  are  given  for 
each  of  the  curves  in  Table  II.,  where  they  are  designated  by  Aq.  The 
air  was  left  in  cylinders  for  some  time  before  each  set  of  observations  so 
as  to  allow  radioactive  emanation  to  decay,  but,  as  will  be  seen  from 
Table  II.,  Aq  shows  no  variation  for  the  region  AB  of  the  curves  for  an 
increase  of  the  time  of  ageing  from  9  to  17  days.     This  confirms  the 
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Fig.  1. 

Residual  ionization  in  air  17  da3r8  old. 

1  P.M.,  Sept.  3.  to  5:15  A.M.,  Sept.  3.  1920. 
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Fig.  2. 

Residual  ionization  in  air  14  days  old. 
4  P.M..  Aug.  30,  to  13  noon.  Aug.  31,  1930. 
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Fig.  3. 

Residual  ionization  in  air  10  days  old. 
5  P.M.,  Aug.  19,  to  10  A.M.,  Aug.  20,  1920. 
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Fig.  4. 

Residual  ionization  in  air  9  days  old. 
10:50  A.M.,  Aug.  17,  to  8  A.M.,  Aug.  18,  1930. 
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results  of  the  preliminary  experiments,  for  some  of  which  the  air  was 
aged  as  long  as  90  days.  The  effect  of  any  small  amount  of  emanation, 
which  may  be  present,  is  masked  then  by  the  larger  portion  of  soft 
radiation  for  the  portion  AB  of  the  curve,  but  an  examination  of  Aq 
for  the  portion  CD  gives  a  suggestion  of  an  effect  due  to  the  emanation. 
(It  may  be  noted  that  Curve  IV.,  for  which  there  was  the  shortest  period 
of  ageing,  shows  a  greater  deviation  than  any  other  curve  from  the 
average  values  in  the  last  two  columns  of  Table  II.). 

Emanation  may  also  be  in  part  responsible  for  the  rather  irregular 
changes  in  slope  shown  particularly  by  Curves  2,  3,  and  4,  which  corre- 
spond to  the  smaller  periods  of  ageing.  This  would  seem  probable 
because,  before  taking  the  readings  at  the  higher  pressures,  it  was  not 
always  possible  to  wait  the  required  time  for  the  old  decay  products 
of  any  emanation  present  to  come  into  equilibrium  with  the  new  amount 
remaining  after  a  part  of  the  air  was  expelled.  The  result  of  this  would 
be  to  cause  the  ionization  after  releasing  the  pressure  to  be  greater  than 
the  normal  value  corresponding  to  the  lower  pressure.  The  difference 
would  depend  upon  the  interval  elapsing  between  the  change  of  pressure 
and  the  recording  of  the  reading,  and  would  consequently  tend  to  cause 
more  or  less  irregular  changes  in  slope  of  the  curve  obtained.  It  is  of 
interest  to  observe  that  these  changes  are  conspicuously  absent  in  the 
case  of  Curve  i,  which  corresponds  to  the  longest  period  of  ageing. 

The  curves  agree  in  that  they  indicate  an  upper  limit  for  the  ionization, 
and  this  is  attained  at  a  pressure  of  the  order  of  46  or  47  atmospheres. 
The  ionization  was  apparently  constant  for  the  remaining  range  of 
pressures  tried  (approximately  47  to  57  atmospheres).  The  significance 
of  the  attainment  of  an  upper  limit  beyond  which  the  ionization  does  not 
increase  with  further  increase  of  pressure  was  pointed  out  by  Professor 
W.  F.  G.  Swann  in  a  paper  presented  before  the  American  Geophysical 
Union,  Washington,  D.  C,  April  18,  1921.^  Professor  Swann  has  shown 
that  the  minimum  increase  of  ionization  per  c.c.  per  atmosphere,  as 
measured  for  any  pressure,  is  greater  than  any  portion  of  the  ionization 
per  c.c.  per  second  at  one  atmosphere,  due  to  the  direct  action  of  a 
penetrating  radiation  and  its  accompanying  secondary  radiation  produced 
in  the  gas.  (In  this  proof  the  radiation  was  assumed  to  have  a  penetra- 
tion comparable  with  that  ordinarily  assigned  to  a  cosmical-penetrating 
radiation.)  In  view  of  the  preceding  conclusion,  the  fact  that  an  upper 
limit  is  obtained  for  the  ionization  at  the  higher  pressures  indicates  that 
no  appreciable  part  of  the  ionization  at  atmospheric  pressure  is  produced 
by  the  direct  or  indirect  action  on  the  gas  itself  of  a  radiation  of  a  highly 

»  Bulletin  of  the  National  Research  Council,  No.  17.  PP.  65-73.  1922. 
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penetrating  tyj>e.  Most  if  not  all  of  the  ionization  then  appears  to  be 
due  to  the  direct  action  of  a  radiation  of  a  penetration  low  compared 
with  that  usually  attributed  to  the  cosmical  radiation.  It  is  probable 
that  this  is  radiation  of  the  corpuscular  type  emitted  from  the  walls  of 
the  vessel  by  impurities  or  by  the  primary  radiation.  The  ionization 
pressure  curves  indicate  that  the  radiation  is  completely  absorbed  at 
pressures  above  47  atmospheres. 

In  the  previous  experiments  j>erformed  over  the  Mississippi  River  in 
1919  with  a  range  of  pressure  from  zero  to  22  atmospheres,  the  values 
obtained  for  Aq  on  May  16  and  May  17  were  1.55  and  1.58  ions  per  c.c, 
per  second  per  atmosphere  increase  respectively.  Since  in  these  experi- 
ments the  radiation  from  the  soil  was  absorbed  by  the  layer  of  water, 
it  is  apparent  that  in  the  present  experiments  (where  lower  values  for 
Aq  were  obtained)  the  walls  of  the  laboratory  building  served  to  screen 
away  more  of  the  shorter  range  radiation  in  the  atmosphere. 

Even  the  average  value  for  Aq,  1.25  pairs  of  ions  j>er  c.c.  per  second, 
obtained  from  the  portion  AB  of  the  curves  of  Figures  I.,  II.,  III.,  and 
IV.  (Table  II.),  is  lower  than  the  values  at  atmospheric  pressure  that 
have  been  given  by  other  observers.  McLennan  and  Murray  found 
that  2.6  pairs  of  ions  per  c.c.  per  second  were  produced  at  atmospheric 
pressure  in  a  vessel  of  ice.^  Up  to  the  present  time  this  appears  to  be  the 
lowest  value  obtained  by  direct  measurement,  but  it  may  be  noted  here 
that  Gockel  estimated  an  approximate  value  as  low  as  1.66  for  the 
number  of  pairs  of  ions  produced  per  c.c.  per  second  at  atmospheric 
pressure.*  McLennan  and  Murray  seem  to  favor  the  view  that  this 
ionization  is  due  to  radioactive  impurities  in  the  material  of  the  ioniza- 
tion chamber.  In  the  light  of  present  experiments  it  would  be  of  interest 
to  compare  the  penetration  of  the  radiation  given  off  by  more  common 
radioactive  substances.  Sodium  and  potassium  are,  of  course,  common 
impurities.  While  there  have  been  experiments  by  N.  R.  Campbell 
indicating  that  potassium  is  radioactive,  there  seems  to  be  no  definite 
information  as  to  any  radiation  which  may  be  emitted. 

"Radium"  Curves  and  General  Deductions. 

In  the  writer's  work  for  the  sake  of  comparison  it  seemed  best  to  repeat 
the  ionization  pressure  experiments  with  radium-bromide  placed  8  feet 
from  the  inoization  spheres.  The  values  thus  obtained  are  given  in 
Curves  V.  and  VI.  A  two-milligram  sample  of  radium-bromide  enclosed 
in  a  lead  box  (walls  of  which  were  1.5  cm.  in  thickness)  was  used  for  these 

>  Phil.  Mag.,  30,  p.  428,  1915. 
"Phys.  Zeit.,  16.  pp.  345-352,  1915. 
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experiments,  but  when  the  values  for  Fig.  6  were  obtained,  the  radium 
bromide  was  shielded  by  additional  plates  of  lead.  It  is  evident  from  the 
graphs  that  the  ionization  values  for  the  curve  of  Fig.  5  are  greater  than 
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Fig.  5. 
Ionization  due  to  the  gamma  rays  of  radium. 
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Ionization  due  to  the  gamma  rays  of  radium. 
The  shielding  of  the  radium  bromide  used  was 
greater  for  these  observations  than  for  those  of 
Fig.  5. 


those  for  the  same  pressures  in  the  curve  of  Fig.  6,  which  of  course 
represents  ionization  due  to  the  harder  type  of  radiation. 

It  is  apparent  that  the  upper  limit  of  the  ionization  shown  by  the 
"residual  ionization"  curves  is  not  to  be  found  in  the  "radium"  curves. 

So  far  as  the  residual  ionization  at  atmospheric  pressure  is  concerned, 
it  is  obvious  that  the  ionization  due  to  the  action  of  the  penetrating 
radiation  on  the  gas  itself  is  practically  immeasurable.  It  would  seem 
than  that  the  residual  ionization  must  be  attributed  for  the  most  part 
either  to  radiation  emitted  by  impurities  in  the  walls  of  the  vessel  or 
to  secondary  radiation  from  these  walls. 

This  experimental  work  was  carried  on  during  the  summer  of  1920  in 
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the  University  of  Minnesota.  I  am  indebted  to  Professor  F.  B.  Rowley, 
of  the  experimental  engineering  laboratories,  for  the  calibration  of  the 
pressure  gauge  used  in  these  experiments,  and  to  the  department  of 
physics  for  the  use  of  the  laboratory  facilities.  I  wish  to  express  my 
most  sincere  thanks  to  Professor  W.  F.  G.  Swann,  who  has  suggested 
this  problem  and  given  me  much  helpful  advice  throughout  the  course 
of  this  work. 

Physical  Laboratory, 

University  of  Minnesota. 
December,  192 1. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Salt  Lake  City  Meeting,  June  23,  1922. 

The  115th  regular  meeting  of  the  American  Physical  Society  was  held  at 
the  University  of  Utah  at  9:30,  June  23,  1922,  in  connection  with  the  annual 
meeting  of  the  Pacific  Division  of  the  American  Association  for  the  Advance- 
ment of  Science. 

Professor  Orin  Tugman  presided. 

About  fifty  members  and  friends  were  in  attendance. 

The  following  papers  were  presented,  four  being  read  by  title: 

1 .  Symmetry  of  Emergent  and  Incident  Photoelectronic  Velocities.     Robert 

J.  PlERSOL. 

2.  The  Electrical  Conductivity  of  Metallic  Films  when  Exposed  to  Ultra- 
violet Light.    Orin  Tugman. 

3.  The  Capillary  Potential  Function  and  its  Relation  to  Irrigation  Practice. 
WiLLARD  Gardner,  O.  W.  Israelson,  N.  E.  Edlefsen,  and  Harry  Clyde. 

4.  A  New  Method  of  Mechanical  Analysis  of  Soils.  D.  S.  Jennings, 
M.  D.  Thomas,  and  Willard  Gardner. 

5.  Test  of  Coagulative  Power  by  Means  of  the  Centrifuge.  E.  F.  Burton 
and  J.  E.  Currie. 

6.  Energy  Distribution  in  X-Ray  Spectra.     Paul  Kirkpatrick. 

7.  The  Limiting  Frequency  of  the  Photoelectric  Effect.     Richard  Hamer. 

8.  The  Absorption  of  Light  by  Sodium  Vapor.     George  R.  Harrison. 

9.  The  Relative  Deposition  of  Radium  and  Barium  Salts  as  a  Function  of 
Temperature  and  Acidity.     W.  B.  Pietenpol. 

10.  Breaking  an  Inductive  Circuit.     W.  P.  Boynton. 

11.  Radii  of  the  Atoms  of  the  Alkali  Metal  Vapors.     S.  H.  Anderson. 

12.  The  Hygroscopicity  of  Soils.     M.  D.  Thomas. 

13.  A  General  Method  of  Determining  the  Adiabatic  Invariants  of  Mechan- 
ical Systems.     V.  F.  Lenzen. 

14.  An  Extension  of  the  Principle  of  the  Diffraction  Evolute  and  Some  of 
its  Structural  Detail.     G.  G.  Becknell  and  John  Coulson. 

The  abstracts  of  the  papers  in  the  above  program,  with  corresponding 
numbers,  are  given  on  the  following  pages. 

E.  P.  Lewis, 
Local  Secretary  for  the  Pacific  Coast. 
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1.  Symmetry  of  Emergent  and  Incident  Photoelectronic  Velocities. 

By  Robert  James  Piersol. 

When  ultra-violet  light  from  a  Cooper-Hewitt  lamp  strikes  a  platinum  film 
sputtered  on  quartz,  results  show  that  the  percentage  of  asymmetry  between 
the  emergent  and  incident  velocity  of  photo-electrons  decreases  directly  with 
decrease  in  reflected  light.  These  results  are  checked  with  visible  mono- 
chromatic light,  using  an  argon-filled  Kunz  photo-electric  cell  of  which  the 
inner  lining  is  potassium. 

A  guard  ring  type  of  photo-electric  cell  is  so  constructed  as  to  eliminate  any 
light  from  being  reflected  to  the  receiving  gauze.  The  film  may  be  rotated 
through  360  degrees.  Using  mono-chromatic  light  on  the  platinum  film  the 
photoelectronic  velocity  remains  constant  in  emergent  and  incident  positions 
as  well  as  when  rotated  by  ten-degree  intervals  throughout  the  circle. 

These  results  are  in  accordance  with  theoretical  considerations  of  the  quan- 
tum theory  which  lead  to  the  conclusion  that  photo-electrons  are  emitted 
from  the  parent  atoms,  due  to  the  storing  up  of  definite  quanta  of  energy, 
thereby  imparting  to  the  photoelectrons  a  velocity  independent  of  the  direc- 
tion of  the  exciting  light. 

Department  op  Physics, 

University  of  Pittsburgh. 

2.  The  Electrical  Conductivity  of  Metallic  Films  when  Exposed  to 

Ultraviolet  Light. 

By  Orin  Tugbian. 

Metallic  films  formed  on  mica  by  cathode  deposition  were  made  of  such 
thickness  that  their  conductivity  could  be  determined  by  measuring  the  time 
of  charging  a  quadrant  electrometer  through  them.  The  films  were  placed 
in  a  vacuum  and  exposed  to  the  light  so  as  to  reduce  the  conductivity  due  to 
ionization  by  the  light.  Later  this  source  of  error  was  found  not  to  be  a  serious 
factor  and  the  films  were  exposed  to  the  light  in  the  air. 

When  the  electrometer  was  charged  positively  through  the  film  with  the 
light  on,  the  time  of  charging  was  less  than  when  the  light  was  off,  and  when 
the  electrometer  was  charged  negatively  under  the  same  conditions  the  time 
of  charging  was  greater  depending  on  the  potential  applied.  This  result  may 
be  explained  by  the  photo-electric  effect. 

The  conductivity  of  the  film  decreased  with  time  when  the  current  was  on. 
A  reversal  of  the  current  showed  the  film  to  have  a  greater  conductivity  which 
decreased  with  time  until  the  current  was  reversed  again.  Data  showing  this 
result  and  the  time  of  charging  the  electrometer  positively  and  negatively  with 
light  on  the  film  were  obtained. 

Untversity  of  Utah. 
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3.   The  Capillary  Potential  Function  and  its  Relation  to  Irrigation 

Practice. 

By  Willard  Gardner.  O.  W.  Israblsbn.  N.  E.  Edlbpsbn,  and  Harry  Clyde. 

This  paper  is  an  attempt  to  apply  quantitative  methods  to  the  solution  of 
physical  problems  encountered  in  irrigation  practice. 

It  is  shown  that  there  exists  a  capillary  potential  increasing  continuously 
with  the  moisture  content  over  a  wide  range.  For  the  soil  at  the  experimental 
farm  the  following  equation  is  found  to  fit  experimental  data: 

(!^  +  145)  (P  -  0.173)  -  -  42.6. 

^  is  the  capillary  potential  measured  in  gram-centimeters,  the  origin  taken 
at  the  saturation  point,  p  is  the  moisture  content  in  grams  per  c.c.  From 
this  equation,  with  experimental  data  and  theoretical  equations  previously 
published,  it  is  shown  that  an  allowance  of  approximately  0.25  cm.  of  water 
per  day  should  be  made  for  loss  into  the  deeper  soil. 

The  apparatus  used  consists  of  a  porous  cup  closed  with  a  water-tight  joint 
and  connected  through  a  tall  tube  to  an  exhaust  pump.  The  cup  is  surrounded 
by  a  thin  layer  of  soil  in  an  outer  vessel  and  atmospheric  pressure  maintained 
on  the  soil  side.  The  pressure  is  then  reduced  on  the  water  side  and  measured, 
and  by  means  of  the  glass  tube  the  amount  of  water  in  the  soil  is  determined. 
Utah  Agricultural  Experiment  Station. 

4.    A  New  Method  of  Mechanical  Analysis  of  Soils. 

By  D.  S.  Jennings,  M.  D.  Thomas  and  Willard  Gardner. 

This  method  consists  in  shaking  a  deflocculated  soil  suspension  in  a  cylin- 
drical vessel  and  determining  the  concentration  at  measured  distances  below 
the  surface  as  it  changes  with  the  time.  It  involves  the  assumption  that  the 
particles  fall  as  individuals  at  a  constant  rate. 

Since  the  suspension  density  g  at  a  point  at  distance  h  beneath  the  surface 
is  due  to  the  presence  of  a  large  number  of  different  sized  particles  and  the 
decrease  in  this  density  with  the  time  results  from  the  disappearance,  one  by 
one,  of  the  separate  species,  the  concentration  of  any  species  will  remain 
constant  at  this  point  until  those  particles  of  this  species  originally  at  the 
surface  have  fallen  through  the  distance  h. 

The  "equivalent"  radius  r  of  the  particles  of  the  species  vanishing  at  point  h 
at  time  t  is  obtained  from  Stokes's  equation  and  the  experimental  curve  made 
to  represent  g  as  a  function  of  r.     Then,  from  the  relation. 


wdr 
Jo 

or 


'!• 


dq/dr  =  kw 

(where  w  is  the  weight  of  soil  corresponding  to  r  and  ^  is  a  proportionality 
factor)  the  value  of  w  for  any  value  of  r  may  be  obtained. 
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Analysis  of  two  soils  by  this  method  and  a  standard  method  gave  good 
agreement. 

Utah  Agricultural  Expbrimbnt  Station. 

5.    Test  of  Coagulative  Power  by  Means  of  the  Centrifuge. 
By  E.  F.  Burton  and  J.  E.  Currib. 

Quantitative  tests  have  been  made  on  the  amount  of  coagulum  precipitated 
from  colloidal  solutions  by  additions  of  electrolytes  when  the  samples  have 
been  centrifuged  for  a  few  minutes.  The  solution  used  was  arsenious  sulphide 
and  the  coagulant  aluminium  sulphate.  Indications  of  complete  coagulation 
are  given  in  a  few  minutes,  the  results  of  which  agree  with  the  effects  on  the 
same  samples  when  left  standing  for  days  under  ordinary  settling.  This  not 
only  gives  a  quick  method  for  testing  coagulation,  but  there  are  indications  of 
a  definite  gradation  in  the  size  of  the  arsenic  sulphide  particles  due  to  the  added 
electrolyte — a  result  which  is  well  known  from  optical  determinations  on  gold 
solutions. 

Department  op  Physics, 

University  of  Toronto,  Canada. 

6.    Energy  Distribution  in  Continuous  X-ray  Spectra. 
By  Paul  Kirkpatrick.  * 

Spectrum  curves  were  corrected  for  various  distorting  influences.  Super- 
posed orders  at  the  larger  crystal  angles  were  separated  by  a  study  of  the 
intensity-potential  curves  with  fixed  crystal  setting.  These  results  checked 
well  with  results  from  an  absorption  study  of  the  complex  reflections. 

Energy  was  assumed  proportional  to  ionization  produced  by  complete 
absorption  in  methyl  iodide  vapor.  Degree  of  completeness  actually  realized 
was  determined  for  different  wave  lengths  by  direct  measurements  upon  a 
volume  of  the  gas.  Correction  was  made  for  varying  reflectivity  of  the  rock- 
salt  crystal  by  the  reflection  equation  used  by  W.  L.  Bragg  and  co-workers  and 
the  values  of  Fas  measured  by  them.^  Absorptions  by  the  wall  of  the  Coolidge 
tube  were  determined  from  actual  observations  upon  the  tube  itself. 

The  corrected  curves  should  give  the  energy  distribution  at  the  emitting 
center  save  for  absorption  in  the  tungsten  target.  The  final  curve  differs 
from  the  original  in  that  the  maximum  is  displaced  toward  longer  wave-lengths 
and  intensities  of  long  wave-lengths  are  increased  relatively  many  fold.  The 
curves  do  not  show  good  agreement  with  the  theoretical  energy  distributions 
of  Davis  or  of  Behnken. 

The  x-ray  tube  was  operated    from  a  transformer  but  constant  potential 
conditions  to  within  one  per  cent,  were  simulated  by  the  use  of  a  synchronous 
shutter.     Curves  obtained   without   the  shutter  show,   when  corrected,   no 
maximum  within  the  observable  range. 
University  of  California. 

>  Phil.  Mag.,  Mar.,  July,  1921. 
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7.    The  LiMitiN6  Frequency' of  the  Pfioxo-EtECTRic  EPFfect. 
By  Richard  Hamer. 

A  MIRROR  spectrograph  was  used  as  a  monochromator.  The  prism  was  of 
fluorite  and  the  concave  mirror  covered  with  a  cathodic  deposit  of  platinum. 
Light  passing  at  the  angle  of  minimum  deviation  entered  the  photo-electric 
cell  through  a  narrow  slit  and  fell  on  electrodes  of  the  metals  investigated, 
which  were  connected  with  a  sensitive  string  electrometer. 

The  source  was  a  carbon  arc  with  cored  carbons  saturated  with  solutions 
of  iron  and  other  metals,  giving  a  nearly  continuous  spectrum. 

The  metals  were  thoroughly  cleaned  with  sandpaper  and  the  cell  was  ex- 
hausted to  a  pressure  of  about  0.006  mm.  The  wave-length  at  which  there 
was  a  sudden  increase  in  the  saturation  current  was  taken  as  the  limiting  wave- 
length. Errors  due  to  scattered  light  were  eliminated  as  far  as  possible  by 
screens. 

The  following  values  were  determined: 

SUver X3391±  60  Tungsten 2615db30 

Platinum 2782db  35  Copper 2665±30 

Aluminum 3596d:10O  Zinc 3426db75 

Cadmium 3130db  50  Brass 3426±75  (with 

Tin 3185±  55  indications  of  in- 

Lead 2980db  50  crease  at  2665) 

Iron 2870db  40  CuO 2665±50 

Nickel 3050d:  50  Methyl  Violet 2585db30 

Univbrsity  of  California. 

8.    The  Absorption  of  Light  by  Sodium  Vapor. 
By  Gborgb  R.  Harrison. 

The  absorption  of  light  by  sodium  vapor  in  the  visible  and  near  ultra-violet 
has  been  studied,  particularly  in  relation  to  temperature,  vapor  saturation, 
and  hydrogen  pressure.  Light  from  a  Cd  spark  or  electrically  exploded  wires 
was  used  as  a  source. 

It  was  found  that  the  continuous  absorption  at  the  limit  of  the  principal 
series  is  intense  over  only  a  very  limited  range  of  wave-lengths,  and  does  not 
extend  undiminished  to  the  extreme  ultra-violet,  as  has  been  supposed.  It 
apparently  decreases  rapidly  with  decreasing  wave-length,  in  a  manner  similar 
to  the  analogous  case  with  x-rays,  although  the  exact  function  has  not  yet  been 
determined. 

The  continuous  absorption  follows  the  line  absorption  very  closely  in  ohang- 
ing  in  intensity  with  vapor  density,  so  that  they  appear  to  originate  in  the 
same  entity.  It  is  unaffected  by  hydrogen  pressure  within  the  range  2  mm. 
to  400  mm. 

Pictures  were  obtained  with  unsaturated  vapor  showing  25  members  of 
the  line  spectrum  together  with  the  continuous  absorption,  while  the  band 
absorption  was  entirely  absent  except  for  a  trace  around  the  D-lines.  This 
indicates  that  the  band  absorption  may  originate  in  a  loose  molecular  aggregate 
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which  is  broken  up  on  superheating.     Evidence  from  Hackspill's  vapor  density 
determinations  seems  to  show  that  such  may  exist. 
Stanford  Univbrsity. 

9.   The  Relative  Deposition  of  Radium  and  Barium  Salts  as  a  Function 
OF  Temperature  and  Acidity. 

By  W.  B.  Pietbnpql. 

In  the  commercial  refining  of  radium  the  radium  salts  are  commonly  purified 
by  fractional  crystallization  of  a  radium-barium  solution.  In  cooling  from 
boiling  to  room  temperature  a  percentage  of  radium  largely  in  excess  of  that 
of  the  barium  is  deposited  with  the  crystals. 

Under  similar  conditions  of  cooling  the  relative  amounts  of  radium  and 
barium  deposited  have  been  determined  at  different  temperatures  throughout 
the  cooling  process  and  curves  plotted.  Determinations  of  the  above  nature 
have  been  made  with  radium-barium  solutions  of  different  acidity  and  the 
variation  in  the  form  of  the  curves  shown. 

The  first  crystals  formed  in  the  solution  contain  a  larger  percentage  of 
radium  than  succeeding  crystals.  It  is  pointed  out  that  the  efficiency  of  the 
refining  process  may  be  increased  by  separating  liquor  and  crystals  at  a  point 
above  room  temperature.  In  this  way  the  factor  of  enrichment  is  increased 
in  addition  to  a  saving  in  time. 

The  rate  at  which  the  solution  cools  is  a  factor  in  the  relative  amounts  of 
radium  and  barium  deposited.     With  rapid  cooling  a  smaller  percentage  of 
radium  is  adsorbed  than  with  slow  cooling.     Work  on  the  nature  of  the  ad- 
sorption of  radium  by  barium  is  in  progress. 
Univbrsity  of  Colorado. 

10.    Breaking  an  Inductive  Circuit. 

By  W.  p.  Boynton. 

When  a  switch  is  opened  in  an  inductive  circuit  carrying  an  electrical  currents 
the  current  decreases  gradually  to  its  final  zero  value  during  the  persistence 
of  the  arc  at  the  switch  points.  Obviously  the  resistance  of  the  circuit  i, 
increasing  during  that  time  from  its  initial  finite  value  to  infinity,  and  making 
this  change  continuously.  This  change  of  resistance  can  be  represented  as  a 
first  approximation  by  the  form*  previously  used  by  the  author  for  the  resist- 
ance of  a  quenched  spark, 


R  - 


I  -at 


For  an  approximate  solution  we  may  disregard,  from  the  time  of  opening 
of  the  switch,  both  the  e.m.f.  acting  in  the  circuit  and  the  counter  e.m.f.  of 
ionization  of  the  arc.     The  differential  equation  of  the  circuit  then  becomes 


I  —  at  at 


»  Phys.  Rev.  (2).  4,  pp.  5x1-5x4. 
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in  which  separation  of  the  variables  gives  the  solution 

a  io 

or 

/  =  /o(i  -  at)^l^^ 

In  the  particular  case  where  Ro/aL  =  i  or  i/a  =  L/Ro,  that  is,  when  the  time 
of  persistence  of  the  arc  is  equal  to  the  relaxation  time  of  the  circuit  with  its 
initial  resistance,  the  current  falls  off  as  a  linear  function  of  the  time.  For 
other  values  of  the  exponent  the  curve  bows  up  or  down,  passing  however 
through  the  same  two  end-points. 
Univbrsity  of  Oregon. 

II.    Radii  of  the  Atoms  of  the  Alkali  Metal  Vapors. 
By  S.  H.  Anderson. 

The  radii  of  the  valency  electrons  of  the  alkali  metal  vapors  have  been 
computed  on  the  basis  of  the  following  assumptions:  (i)  that  the  ionizing 
potential  is  one  half  the  potential  of  a  point  on  the  orbit  of  the  valency  electron; 
(2)  that  the  distribution  of  the  electrons  in  the  kernel  of  the  atom  is  that 
suggested  by  Bury*  and  Bohr.* 

For  the  lithium  atom  the  distance  of  the  electrons  in  the  kernel  from  the 
center  of  the  nucleus  is  that  computed  by  Langmuir'  for  the  helium  atom. 
For  the  other  alkali  metals  the  dimensions  of  the  inner  shells  of  electrons  are 
computed  from  Bragg's*  values  of  the  elementary  crystals  of  the  alkaline 
halides. 

The  values  obtained  for  the  radii  of  the  valency  electrons  are  as  follows: 

Lithium .1.379  X  lO"*  cm. 

Sodium 1.80 

Potassium 2.21 

Rubidium 2.45  *' 

Caesium 2.695         " 

If  these  values  are  plotted  against  the  integral  numbers  2,  3,  4,  5,  and  6, 
the  points  are  uniformly  distributed  about  a  straight  line,  showing  that  in 
passing  from  one  metal  to  the  next  higher  in  the  periodic  table  an  extra  electron 
shell  is  added  to  the  atomic  structure  and  that  the  shells  are  spaced  evenly. 
This  relationship  is  in  better  agreement  with  Bury's  modification  of  Langmuir's 
theory  than  with  the  latter's  original  theory  of  atomic  structure. 

University  of  Washington, 
Seattle,  Wash. 

>  Bury,  Journal  Amer.  Chem.  Soc.,  Vol.  43,  1921,  p.  1602. 

*  Bohr,  Nature,  Vol.  107,  192 1,  p.  105. 
*Langmuir.  Phys.  Rev.,  Vol.  17,  1921,  p.  339. 

*  Bragg,  Phil.  Mag.,  Vol.  40,  1920,  p.  169. 
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12.    The  Hygroscopicity  of  Soil. 
By  M.  D.  Thomas. 

VxpoR-pressure  measurements  at  25  degrees  C.  have  been  made  by  the  air- 
saturation  method,  on  a  group  of  soils  of  widely  differing  textures.  The 
moisture  content  of  each  soil  was  varied  so  that  the  pressure  data  ranged  from 
10  to  97  per  cent,  of  the  vapor  pressure  of  water. 

The  ratios  of  the  moisture  percentages  of  the  soils  at  the  same  vapor  pressure 
are  nearly  constant  over  this  range  of  pressures.  Heating  the  soil  at  100^  C. 
increases  the  vapor  pressure  at  the  same  moisture  content,  while  wetting  and 
air-drying  reverses  this  action.  Each  curve  of  the  series  is  shifted  propor- 
tionately by  this  process.  The  mechanical  analyses  also  indicate  that  heating 
the  soil  makes  the  texture  coarser. 

Size-frequency  distribution  curves  for  these  soils  have  been  worked  out, 
the  observations  being  taken  to  0.04  m  radius.  The  total  surface  per  gram, 
calculated  from  these  data,  agrees  only  qualitatively  with  the  ratios  of  the  vapor- 
pressure  curves.  The  total  surface  of  the  particles  larger  than  0.25^1  dis- 
regarding the  smaller  material,  give  ratios  in  good  agreement  with  the  vapor- 
pressure  measurements.  The  data  seem  to  bear  out  the  idea  of  colloid-coated 
particles. 

Utah  Agricultural  Collbgb. 

13.   A  General  Method  of  Determining  the  Adiabatic  Invariants  of 

Mechanical  Systems. 
By  v.  F.  Lbnzbn. 
p.  Ehrenfest  has  introduced  into  the  quantum  theory  the  consideration  of 
reversible  adiabatic  transformations  of  mechanical  systems.  Quantities  which 
remain  unchanged  during  such  transformations  are  called  adiabatic  invariants. 
In  his  fundamental  article  Ehrenfest  states  that  it  would  be  desirable  to  develop 
a  systematic  method  of  finding  adiabatic  invariants  for  systems  as  generally 
as  possible.  This  paper  is  a  contribution  toward  that  end.  The  problem 
is  attacked  with  the  aid  of  the  theory  of  continuous  groups.  The  method 
consists  in  determining  the  equations  by  means  of  which  a  given  state  of 
motion  of  the  system  may  be  transformed  into  an  adiabatically  related  one. 
The  infinitesimal  transformation  Uf  is  derived  and  use  is  made  of  the  theorem 
that  a  function  is  invariant  under  the  group  if  Uf  »  o.  The  method  is  illus- 
trated by  application  to  the  problem  of  the  simple  pendulum  discussed  in 
Sommerfeld,  Atombau,  3d  ed.  The  variables  used  are  the  average  kinetic 
energy  T  and  the  frequency  v.  The  change  in  length  of  the  pendulum  is  denoted 
by  a.     The  transformation  equations  are 


^'  °  \r+ 
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is  the  equation  which  f(T,  v)  must  satisfy  in  order  to  be  invariant  under  the 
transformation. 

Department  of  Physics, 

UNivERsmr  OF  California. 

14.    An  Extension  of  the  Principle  of  the  Diffraction  Evolute,  and 
Some  of  its  Structural  Detail. 

By  G.  G.  Bbcknell  and  John  Coulson. 

It  has  been  shown  in  a  paper  read  before  this  Society'  that  the  predominant 
figure  in  the  diffraction  patterns  produced  by  comparatively  large  discs  and 
elliptical  plates  when  illuminated  by  a  point  source  of  light  is  the  evolute  of  the 
corresponding  geometrical  shadow. 

Accurate  hyperbolic  and  parabolic  plates  are  found  to  produce  diffraction 
figures  conforming  to  the  principle  just  mentioned. 

A  f-inch  auger  bit  of  about  i-inch  pitch  ground  to  the  form  of  a  truncated 
cone  produces  a  well-defined  Arago  spot  at  the  center  of  the  geometrical 
shadow  when  the  point  source  of  light  is  at  the  apex  of  the  cone;  but  does  not 
do  so  if  the  point  source  is  not  fairly  close  to  this  position.  In  the  first  case 
the  shadow  is  strictly  circular.  The  diffraction  pattern  and  geometrical 
shadow  are  identical  with  those  produced  by  a  thin  disc,  but  here  the  explana- 
tion in  terms  of  the  Fresnel  zones  is  certainly  not  applicable. 

The  experiments  described  here  and  in  the  preceding  paper  point  to  the 
following  general  principle: 

Any  particular  form  of  geometrical  shadow  is  always  associated  with  the  same 
diffraction  pattern  whatever  be  the  diffracting  object. 

A  study  of  the  structural  detail  of  the  diffraction  patterns  produced  by  discs 
and  elliptical  plates  has  been  made.  Photographs  taken  at  distances  of  20 
to  30  meters  from  the  diffracting  objects  reveal  four  series  of  alternate  dark 
and  bright  bands  each  set  of  which  is  parallel  to  a  quadrant  of  the  diffraction 
evolute.  The  evolute  itself  is  formed  by  the  extremities  of  these  bands,  and 
consequently  is  not  a  continuous  bright  line. 

University  of  Pittsburgh. 
1  Washington  meeting,  1922. 
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THE  OPTICAL  CONSTANTS  OF  SODIUM-POTASSIUM 

ALLOYS. 

By  Raymond  Morgan. 

Synopsis. 

The  optical  constants  of  sodium-potassium  alloys  were  investigated  for  an  entire 
alloy  series  by  the  polarimetric  method.  Bright  metallic  surfaces  were  obtained 
by  filling  glass  cells  with  the  molten  metal  in  a  vacuum.  Excepting  sodium,  all 
the  specimens  were  observed  in  the  liquid  form.  In  the  region  near  the  composi- 
tion corresponding  to  NaK  the  refractivity-concentration  curve  has  a  maximum 
value  of  6.137  and  the  absorptive  index-concentration  curve  has  a  minimum  value 
of  X  3.5.  The  effect  of  change  in  temperature  was  studied  for  some  of  the  mirrors.  The 
solid  alloy  containing  83  per  cent.  Na  showed  a  change  in  the  optical  constants 
with  a  change  in  temperatiu^,  but  no  change  was  found  for  the  liquid  alloy  containing 
26  per  cent  Na.  It  could  not  be  definitely  determined  whether  the  change  observed 
for  the  solid  alloy  was  due  to  a  change  in  the  optical  constants  or  was  due  to  a 
possible  surface  effect  resulting  from  the  metal  expanding  and  making  better  contact 
with  the  glass.  "^ 

THE  optical  properties  of  alkali  metkls  have  been  studied  by  a  number 
of  investigators*  but  as  yet  no  study  has  been  made  of  the  alloys  of  these 
metals.  Some  work  has  been  done  on  the  determination  of  the  optical 
constants  of  the  alloys  of  the  less  oxidizable  metals.  Binary  mixtures  of 
Ag-Te,  Ag-Sn,  Cd-Hg,  Cu-Sn,  Cu-Zn  and  Cu-Ni  were  studied  by 
Bernouilli.*  An  investigation  of  the  entire  alloy  series  was  made  for 
Cu-Ni,  Fe-Mn,  Ni-Fe,  Al-Cu  and  Cu-Fe  by  Littleton.*  Binary  alloys 
of  silver  with  copper  and  platinum  have  been  studied  by  Oppitz.* 
Recently  Kent  •  has  studied  bismuth,  cadmium,  tin,  lead,  and  binary 
alloys  of  these.  His  observations  were  made  on  the  metals  in  the  molten 
state.     In  continuation  of  the  work  this  paper  gives  the  results  of  a 

» Drude,  Ann.  d.  Phys.,  p.  159.  64.  1898.  R.  W.  and  R.  C.  Duncan,  Phys.  Rbv.,  36, 
294,  1913.  Meese,  Gottingen  Nachr.  Math.  Phys.  Klasse.  Nathanson,  (i)  Astro.  Phys..  44* 
137.  1916;  (2)  Phys.  Rbv.,  ii.  237.  1918.    Frehafer.  Phys.  Rbv..  15.  no.  1920. 

*  Bemouilli.  Zeitschr.  f.  Elektrochemie.  15.  647*  1909. 

*  Littleton.  Phys.  Rbv.,  28,  306.  1912;  33,  453^  1912. 
♦Oppitz,  Phys.  Rbv..  10,  156,  1917. 

*  Kent.  Phys.  Rbv..  14,  459,  1919. 
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determination  of  the  optical  constants  of  sodium-potassium  alloys  by  the 
polarimetric  method. 

The  Preparation  of  the  Surface. 

Bright  metallic  surfaces  were  obtained  by  filling  glass  cells  (Fig.  i) 
with  the  molten  metal  in  a  vacuum.^  E^ch  cell  consisted  of  a  cylindrical 
glass  ring  12  mm.  in  diameter  and  8  mm.  wide.  On  the  side  of  the  ring 
was  sealed  a  tube  E  through  which  the  cell  was  filled.  A  fine  tube  F 
sealed  inside  of  E  helped  to  prevent  metallic  oxides  from  getting  into  the 
cell.  Plane  glass  plates  were  fastened  with  rock  cement  on  the  carefully 
ground  sides  of  the  ring.  Only  a  thin  coat  of  the  cement  was  used  and 
this  after  being  baked  at  about  140°  C.  for  forty  hours  was  coated  with 
Whiz  black  engine  enamel  and  again  baked. 

The  melting  point  curve*  (Fig.  7)  for  sodium-potassium  alloys  shows 
that  at  room  temperature  some  of  the  alloys  are  solids  and  some  are 


n^-^ 


Fig.  1. 


Fig.  2. 


liquids.  At  present  only  two  investigations  have  been  made  upon  the 
eflfect  of  the  change  of  state  on  the  optical  constants  of  a  metal  and  the 
results  of  these  are  not  in  agreement.  Data  given  by  Kent*  for 
bismuth,  lead,  cadmium  and  tin  show  a  diflference  in  the  optical  proper- 
ties for  the  liquid  and  solid  states  of  these  metals.  On  the  other  hand 
it  was  found  by  J.  J.  Haak  and  K.  Sissingh^  that  liquid  and  solid  mercury 
behave  optically  in  the  same  way. 

In  the  case  of  the  solid  alloys  of  sodium  and  potassium  special  glass 
cells  (Fig.  2)  were  constructed  by  means  of  which  observations  could  be 

» This  method  is.  in  general,  the  same  as  used  by  R.  W.  and  R.  C.  Duncan  in  obtaining 
bright  surfaces  of  sodium  and  potassium. — Phys.  Rev.,  36.  294,  1913. 

*  Kumakow  and  Puschin,  Z.  Anorg.  Chem.,  30,  109.  1902. 
» Kent.  loc.  cit. 

*  J.  J.  Haak  and  K.  Sissingh.  K.  Akad.  Amsterdam,  5,  692,  1919. 
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made  on  the  specimens  in  both  the  solid  and  liquid  forms.  These  cells 
were  made  with  an  internal  bulb  to  which  outlet  tubes  were  sealed 
through  the  ^ides  of  the  rim.  By  passing  hot  water  or  steam  through 
the  bulb  on  the  interior  of  the  cell  the  solid  metals  could  be  melted. 
By  this  method  any  considerable  difference  between  the  results  for  the 
mirrors  in  both  the  solid  and  liquid  states  could  easily  be  detected. 

The  cells  were  filled  by  use  of  the  apparatus  shown  in  Fig.  3.  The 
metal  placed  in  C  was  melted  by  means  of  an  oil  bath.  Upon  turning  C 
in  the  ground  class  joint  a  the  molten  metal  would  run  to  the  bottoiji  of 
A,  The  pouring  device  had  the  great  advantage  of  getting  rid  of  much 
of  the  oxide.  The  cell  was  lowered  by  means  of  the  windlass  B  until 
the  end  of  the  filling  tube  E  was  well  under 
the  surface  of  the  metal.  The  air  now  being 
let  in  at  D  the  metal  was  pushed  into  the  cell. 
After  the  whole  apparatus  had  been  allowed 
to  cool,  the  mirror  was  taken  out  and  the  end 
of  the  tube  £  was  closed  with  paraffin.  The 
metal  remaining  in  C  and  A  was  removed  with 
alcohol. 

Before  the  tube  was  lowered  into  the  metal 
and  with  the  evacuating  pumps  in  operation, 
the  plane  glass  plates  on  the  sides  of  the  cell 
were  heated  in  order  to  drive  off  occluded 
gases.  The  heating  was  effected  by  placing 
the  cell  in  the  grid  G  on  the  sides  of  which 
were  pieces  of  mica  wound  with  fine  platinum 
wire.  By  sending  an  electric  current  through 
the  wire  it  was  heated  until  it  was  bright  red. 
With  the  wire  thus  heated  the  pumping  was  continued  for  about  forty- 
five  minutes.  After  heat  treatment  the  grid  was  allowed  to  cool  down 
to  a  temperature  slightly  higher  than  the  melting  point  of  the  alloy. 

The  quantities  of  sodium  and  potassium  to  make  up  an  alloy  were 
prepared  by  cutting  off  the  heavy  coats  of  oxide  under  paraffin  oil. 
After  sponging  off  the  excess  oil  from  the  pieces  they  were  placed  in 
known  amounts  of  paraffin  oil  and  weighed.  The  pieces  were  then 
rinsed  in  gasoline  and  quickly  transferred  to  C.  Chemical  analyses 
made  of  two  alloys  checked  the  percentages  obtained  by  the  above  method 
to  one  per  cent.^ 

Much  difficulty  was  experienced  in  obtaining  suitable  mirrors,  there 

»  The  writer  desires  to  express  his  thanks  to  Mr.  R.  W.  Pfanstiel  for  assistance  in  making 
the  chemical  analyses. 
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being  many  opportunities  for  failure  in  the  process  of  preparing  the 
cells  and  filling  them  with  metal.  In  all  over  thirty-five  mirrors  were 
made  to  obtain  the  ten  that  were  used  for  the  observations.  The 
greatest  difficulties  were  caused  by  the  occurrence  of  thin  oxide  films  on 
the  surface  and  by  the  metal  not  making  good  contact  with  the  glass. 
Excepting  the  potassium  mirror  the  ones  used  for  investigation  were 
without  fault  so  far  as  the  eye  could  tell. 

Evacuation  was  accomplished  by  means  of  a  Gaede  molecular  pump 
supported  by  a  Gaede  mercury  pump  in  series  with  a  single  stage  oil 
pump. 

Optical  Method. 

As  Drude's  method  of  investigating  the  optical  constants  of  metals 
was  used  throughout  this  work,  it  was  necessary  to  observe  the  values 
of  A  the  phase  difference  and  ^  the  azimuth  of  restored  polarization. 
These  were  determined  by  means  of  a  Soleil-Babinet  compensator  and 
two  nicols  mounted  on  a  spectrometer.  The  nicol  used  as  an  analyzer 
was  of  the  form  of  the  Zehnder  half-shadow  polarimeter.'  The  settings 
of  the  nicol  and  compensator  were  made  by  removing  the  eye-piece  of 
the  telescope  and  looking  directly  at  the  nicol  through  a  small  hole 
placed  at  the  focus  of  the  objective  lens  in  the  telescope.  A  circular 
field  of  light  was  viewed  in  making  the  settings.  The  position  of  extinc- 
tion of  the  analyzing  nicol  was  determined  by  finding  two  half-shadow 
equality  positions  one  on  each  side  of  the  extinction  position. 

A  Cooper-Hewitt  glass  tube  mercury  arc  was  used  as  the  source  of 
light.  The  light  was  separated  into  its  component  colors  by  means  of 
a  constant  deviation  monochromator.  The  green  line  5461  A.  was  used. 
The  eye-piece  of  the  monochromator  being  removed,  the  beam  of  green 
light  was  allowed  to  fall  on  the  slit  s  (Fig.  4)  of  the  collimator  of  the 


<^-^f 
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Fig.  4. 
»  Zehnder,  Ann.  d.  Phys.,  26  pp.  985.  1908. 
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spectrometer.    The  light  after  passing  through  the  collimator  was  polar- 
ized by  the  nicol  Ni  at  an  azimuth  of  45°. 

The  mirrors  were  mounted  against  the  hypotenuse  side  of  a  right- 
angled  prism.  Either  cedar  oil  or  Canada  Balsam  was  placed  between 
the  mirror  and  the  prism.  One  leg  of  the  prism  being  set  normally  to 
the  incident  light,  the  light  would  accordingly  strike  the  metal  surface 
at  an  angle  of  45®  and  after  reflection  would  pass  out  normally  through 
the  other  leg  of  the  prism.  The  light  then  passed  through  the  com- 
pensator C  and  the  analyzing  nicol  Nt  and  out  through  the  telescope 
tube  A. 

The  prism  used  throughout  the  work  was  tested  for  strains  by  meas- 
uring the  phase  change  A  for  internal  reflection  from  the  hypotenuse 
side.  The  experimental  value  agreed  very  closely  with  the  theoretical 
value  as  calculated  by  Drude's  equation.  Several  prisms  were  examined 
before  one  was' found  that  did  not  give  a  diflference  in  the  two  values  of  A. 

In  the  following  table  is  given  a  summary  of  the  data  taken  in  a 
particular  case  for  calculating  2^.  In  determining  the  position  of  extinc- 
tion, from  5  to  10  settings  of  the  analyzer  for  half-shadow  equality  were 
made  on  each  side  of  the  extinction  position.  Accordingly,  from  80  to 
160  settings  of  the  analyzer  were  made  to  obtain  one  value  of  2^.  The 
determinations  of  the  phase  diflference  indicated  by  the  compensator 
are  obvious. 

Table  I. 


Poritton  of  Poluizor. 

io«  54'.       j      19*^  54'. 

100*  54'.      !      aSo*  54'. 

Position  of  analvzer 

213^  64.9'       213**  62.2' 

33**  56.4'         33**  SS.4' 

1 

213**  59.7' 

305**  17.8'   j   315**  15.6' 

125M8.1'   1    125M6.7' 

Mean 

125**  17.0' 

2}L 

88**  42.7' 

Results. 

The  values  of  the  optical  constants  were  obtained  by  substitution  in 
the  approximative  form  of  Drude's  equations  as  used  by  R.  W.  and 
R.  C.  Duncan.* 

The  results  of  the  measurements  upon  a  complete  series  of  alloys  are 
given  in  Table  II.  With  the  exception  of  sodium  it  is  believed  that  the 
values  obtained  for  n  (index  of  refraction)  and  k  (index  of  absorption) 
are  within  10  per  cent,  of  the  actual  values.     The  reflecting  power  R 

*  R.  W.  and  R.  C.  Duncan,  loc.  cit. 
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was  calculated  from  the  mean  value  of  n  and  k.  The  specimens  were 
all  in  the  liquid  state  excepting  sodium  and  in  one  case  potassium. 
From  other  data  subsequently  given,  it  is  probable  that  there  is  not  a 
wide  variation  between  the  constants  for  the  solid  and  liquid  states. 
The  index  of  refraction  from  air  to  metal  is  that  given  in  every  case. 

The  results  are  shown  graphically  in  Figs.  5  and  6.  No  attempt 
was  made  to  determine  the  detailed  form  of  the  curves  as  this  would 
have  required  measurements  on  a  very  large  number  of  mirrors.  The 
curves  show,  however,  that  in  the  region  near  the  eutectic  points  the 
index  of  refraction  reaches  a  maximum  and  the  index  of  absorption 
becomes  a  minimum.  The  variations  of  the  optical  properties  of  the 
alloys  with  the  concentration  are  therefore  in  the  opposite  sense  from 


Table  II. 

Minor 
No. 

Per  Cent,  of 
by  Weiglit. 

Atomic 
Per  Cent,  of 

a^. 

A. 

fi. 

k. 

Meui 
fi. 

Meui 

R. 

0 

0 

89°  20.9' 
89°  14.2' 
89°  18.3' 
89°  11.6' 

131.3° 
131.4° 
133.8° 
132.7' 

.041 
.047 
.047 
.053 

52.5 
46.1 
48.7 
42.1 

.047 

47.3 

96.9 

17.3 

11.0 

88°  42.7' 
88°  47.0' 

132.4° 
132.5° 

.083 
.079 

26.4 
28.0 

.081 

27.2 

94.6 

36.2 

25.1 

88°    9.5' 

126.4° 

.100 

18.5 

.100 

18.5 

91.4 

45.0 

32.5 

87°  58.0' 
87°  58.2' 

125.5° 
125.6° 

.108 
.108 

16.9 
16.8 

.108 

16.8 

90.4 

55 

41.8 

87°  51.3' 
87°  47.0' 

125.1° 
125.5° 

.113 
.117 

15.9 
15.4 

.115 

15.6 

89.7 

66 

53.3 

87°  23.0' 
87°  14.3' 
87°  14.3' 

124.5° 
122.7° 
123.3° 

.135 
.137 
.139 

12.9 
12.1 
12.5 

.137 

12.5 

87.0 

74.2 

62.7 

87°  25.2' 
87°  19.4' 
87°  27.4' 
87°  27.5' 

122.7° 
122.5° 
119.8° 
119.9° 

.128 
.132 
.119 
.118 

13.0 
12.5 
12.9 
12.9 

.124 

12.8 

86.9 

84.3 

76 

88°    7.5' 

120.3° 

.088 

17.6 

.088 

17.6 

90.2 

100 

100 

88°  39.0' 
88°  40.8' 

119.5° 

115.8° 

.062 
.057 

19.3 
23.6 

.060 

21.5 

91.4 
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those  found  by  Oppitz*  for  the  optical  constants  of  silver-copper  alloys. 
In  the  case  of  the  alloy  series  of  Al-Cu,  Cu-Ni,  and  Cu-Fe,  Littleton* 
found  that  the  indices  of  refraction  increased  to  a  value  higher  than 
that  of  either  component  forming  the  series  and  the  index  of  absorption 
became  a  minimum  at  about  the  same  concentration.  This  is  similar 
to  the  results  for  sodium-potassium  alloys. 

Temperature  Effects. 

In  some  cases  when  the  mirrors  were  heated  in  order  to  convert  the 
metal  into  the  liquid  state,  considerable  changes  of  the  optical  constants 
were  noted  with  changes  in  the  temperature.  A  number  of  observations 
were  accordingly  made  in  order  to  determine  more  closely  the  effect  of 
changing  the  temperature  upon  the  optical  constants. 


^T 


Fig.  5. 


fo.7  per  cent,  sodium  and  17,3  per  cent,  potassium. — ^The  results  for 
this  alloy  are  given  in  Table  III.  and  a  graphical  representation  of  the 
probable  variation  of  the  refractive  index  with  temperature  is  given  in 
Fig.  8.  The  change  in  the  optical  constants  in  raising  the  temperature 
from  75®  C.  to  100°  C.  was  less  than  the  experimental  error. 

Sodium, — In  making  the  measurements  on  the  sodium  mirror  the 
field  as  viewed  in  setting  the  analyzer  and  compensator  became  dis- 
torted, a  light  circular  band  appearing  on  one  side  of  the  field.    The 

>  Oppitz.  loc.  cit. 
«  Littleton.  loc.  cit. 
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Fig.  6. 

distortion  was  first  noticeable  at  a  temperature  of  about  60®  C.  and  was 
quite  marked  at  100®  C.  It  was  also  noted  that  the  two  positions  of  the 
analyzer  for  one  setting  of  the  polarizer  lacked  as  much  as  40'  of  being 
180®  apart.  Fairly  consistent  results  showing  a  change  in  the  optical 
constants  were  obtained  for  temperatures  of  26®,  60®  and  100°  C,  but 
they  are  not  considered  as  reliable. 


Mo/tinO'^ni  Cwr¥t  fmr  Sodium-f^Ht—iumAltfa 


Fig.  7. 

It  is  most  probable  that  the  strains  present  in  the  sodium  mirror 
were  produced  in  the  cover  glasses  by  the  unequal  expansion  of  the 
cylindrical  wall  of  the  cell.  The  small  ring  with  the  three  tubes  sealed 
to  it  was  a  very  complicated  piece  of  glass  blowing  and  would  be  likely 
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to  be  under  such  high  tension  that  when  heated  it  would  expand  unequally 
and  produce  strain  <n  the  cover  glasses.  A  few  empty  cells  were  examined 
for  such  strains.  The  method  of  examination  consisted  in  mounting 
the  right-angled  prism  with  its  hypotenuse  side  against  an  empty  cell 
so  that  the  light  was  totally  reflected  from  the  back  surface  of  the  cover 
glass,  and  measuring  the  phase  change  A  when  water  at  15®  C.  and 
later  steam  at  100®  C.  were  passed  through  the  bulb  in  the  cell.  The 
greatest  variation  in  A  found  for  the  two  temperatures  was  a  little 
less  than  two  degrees.  In  this  case  the  field  viewed  in  making  the 
analyzer  and  polarizer  settings  was  slightly  distorted.  The  cell  that 
contained  the  alloy,  82.7  per  cent,  sodium  and  17.3  per  cent,  potassium, 
showed  no  variation  at  all. 

Potassium. — ^Table  IV.  In  order  to  make  the  observations  on  potas- 
sium, the  mirror  had  to  be  heated  so  as  to  free  the  surface  of  the 
irregularities  due  to  the  contraction  of  the  metal  from  the  glass.  At  a 
temperature  of  54®  C.  the  surface  irregularities  were  found  to  disappear 
and  the  field  as  viewed  in  making  the  settings  of  the  analyzer  and 
compensator  became  of  uniform  intensity. 

25.5  per  cent,  sodium  and  74.2  per  cent,  potassium. — ^Table  V.  As  this 
mirror  did  not  contain  a  heating  bulb  the  heating  was  effected  by  means 
of  fine  platinum  wire  wound  on  mica.     Sufficiently  accurate  values  of 
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Fig.  a. 


the  temperatures  were  obtained  by  taking  a  mercury  mirror  of  the  same 
size  and  shape  as  the  above  mirror,  mounting  it  under  exactly  the  same 
conditions  and  by  means  of  a  small  mercury  thermometer  inserted  in 
the  mirror  noting  the  temperature  for  different  values  of  the  current. 
The  variations  in  the  values  of  n  and  k  are  within  the  limits  of  experi- 
mental error. 
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Table  III. 

82.7  Per  Cent.  Sodium  and  17.3  Per  Cent.  Potass fum. 


Date  of  ObMrration. 

Tempermtnr*. 

i^' 

A. 

n. 

k. 

11/22/21 

Room  27** 
75** 
Room  (24**) 
40** 
25** 
74** 
100** 
25** 

88**    4.9' 
88**  42.7' 
88**    1.1' 
88**  15.2' 
88**    6' 
88**  47' 
88**  44' 
88**    7' 

130** 

132.4** 

128.7** 

130.3** 

129** 

132.5** 

133** 

128.5** 

.115 

.083 
.115 
.105 
.111 
.079 
.084 
.110 

17.9 

11/24/21 

26.4 

11/25/21 

17.3 

11/27/21 

19.6 

2/  3/22 

18.0 

2/  4/22 

27.9 

2/  5/22 

26.8 

2/  6/22 

17.7 

Table  IV. 

Potassium. 


I>At«  of  Obionration. 


Tonporatttfo . 


i^' 


111  122. 
1/9/22. 


54** 
73** 


88**  39' 
88**  40.8' 


119**  30' 
115**    8' 


.062 
.057 


19.3 
23.6 


Table  V. 

25.8  Per  Cent.  Sodium  and  74.2  Per  Cent.  Potassium, 


Date  of  ObMrrmtioii. 

Tompormtiiro. 

a^. 

A. 

n. 

k. 

9/11/21 

Room 
<< 

"      (25**  C.) 
47** 
65** 
Room  (25**) 

87**  25.2' 
87**  19.4' 
87**  27.4' 
87**  27.4' 
87**  28' 
87**  27.5' 

122.7** 
122.5** 
119.8** 
119.8** 
119.4** 
119.9** 

.128 
.132 
.119 
.119 
.117 
.118 

13.0 

9/17/21 

12.5 

1/29/22  

12.9 

1/30/22  

12.9 

2/  1/22 

12.9 

2/  2/22 

12.9 

Results  given  in  Tables  III.,  V.,  and  Fig.  8,  would  indicate  that  the 
optical  constants  of  the  liquid  alloys  remain  constant  for  the  given  ranges 
of  temperature.  In  the  case  of  the  solid  alloy  (Table  III.  and  Fig.  8) 
there  is  a  very  marked  change  in  n  and  k  resulting  from  the  change  in 
temperature  and  the  process  of  fusion.  However,  from  a  consideration 
of  the  potassium  mirror  where  heating  was  necessary  to  obtain  a  smooth 
surface  and  where  the  change  in  the  optical  properties  for  a  change  in 
state  were  within  the  limits  of  experimental  error,  it  would  be  impossible 
to  tell  whether  the  changes  found  for  n  and  k  for  the  above  solid  alloy 
were  actually  due  to  a  change  in  the  optical  properties,  or  were  due  to  a 
surface  effect.     There  may  have  been  slight  irregularities  in  the  surface 
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produced  by  the  contraction  of  the  metal  from  the  glass  which  could 
not  be  detected  by  the  eye,  but  which  would  cause  an  error  in  the 
observed  values  of  2^  and  A.  It  is  possible  that  such  a  surface  effect 
may  be  the  cause  for  the  difference  in  the  results  obtained  for  two 
potassium  mirrors  by  R.  W.  and  R.  C.  Duncan.^  The  difference  between 
the  results  of  Meese*  and  those  of  R.  W.  and  R.  C.  Duncan  for  sodium 
and  potassium  may  also  be  due  to  such  an  effect. 

It  is  proposed  to  continue  this  work  by  making  a  more  detailed  study 
of  the  effect  of  the  change  of  temperature  upon  the  optical  properties  of 
sodium  and  potassium  and  perhaps  some  of  the  alloys. 

In  conclusion  the  writer  wishes  to  acknowledge  his  indebtedness  to 
Professor  H.  C.  Richards  for  having  suggested  this  problem  and  for  his 
many  valuable  suggestions  throughout  the  investigation. 

Randal  Morgan  Laboratory  of  Physics, 
University  of  Pennsylvania, 

PHILADBLFtllA,    Pa. 

>  R.  W.  and  R.  C.  Duncan,  loc.  cit. 
*  Meese.  loc.  cit. 
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RELATIVE  INTENSITIES  OF  STARK  EFFECT  COMPONENTS 
IN  THE  HELIUM  SPECTRUM. 

By  John  Stuart  Foster. 

Synopsis. 

Modified  Lo  Surdo  tube  for  observing  the  Stark  effect. — By  placing  the  tube  with 
its  axis  perpendicular  to  the  slit  and  using  the  cross-section  of  the  cathode  afflux 
where  the  field  is  a  maximum,  separate  and  parallel  components  were  obtained. 
Pitting  of  the  aluminum  cathode,  however,  causes  a  gradual  shifting  of  the  field 
and  consequent  blurring  of  the  components  with  exposures  of  several  hours,  and 
this  limits  the  usefulness  of  the  method  at  present. 

Relative  intensities  of  the  Stark  effect  components  of  the  helium  lines  XX  4p22,  4472, 
and  4388  A  in  a  field  of  15,000  voUsJcm. — ^Spectrograms  were  taken  of  the  p  and  s 
components  in  turn  through  a  neutral  wedge,  using  a  five-prisni  spectrograph  (Figs. 
3-5) ;  then  energy  distribution  curves  were  calculated  from  the  contour  of  the  images 
and  the  corresponding  wedge  densities  (Fig.  6),  and  the  relative  intensities  were 
obtained  by  integration.  The  results  for  the  main  p  components  follow  in  order  ot 
increasing  wave-length:  for  the  line  4388,  8.2  (isolated).  4.1.  19.3,  28.0;  for  4472, 
168,  694;  for  4922,  9.7,  31.6.  Corresponding  results  for  the  s  components  are: 
for  4388,  i.o  (isolated),  3.0,  11.3,  9.5;    for  4473.  76.  4^4;    for  4932.  6.2,  21.4. 

Introduction. 
TT  IS  the  purpose  of  the  present  paper  to  describe  a  new  method  for 
^     the  observation  of  the  Stark  effect,  and  its  application  to  the  deter- 
mination of  relative  intensities  of  components  of  lines  in  the  helium 
spectrum. 

As  is  well  known,  there  are  two  distinctly  different  types  of  discharge 
tubes  which  have  been  conunonly  employed  in  the  study  of  the  Stark 
effect,  (a)  Stark^  and  his  fellow  workers  have  used,  initially,  the  canal- 
ray  tube  in  which  the  canal  rays  upon  passing  through  the  perforated 
cathode  enter  a  uniform  field  between  the  cathode  and  an  auxiliary 
electrode.  The  light  is  not  intense;  certain  lines  do  not  appear  (notably 
Fowler's  enhanced  helium  series  beginning  with  X4686,  of  theoretical 
interest) ;  but  the  method  has  a  very  great  advantage  in  that  the  field 
strength  is  known  directly.  It  has  been  customary  to  use  two  current 
sources,  one  of  which  must  supply  direct  current.  The  components 
appear  separate  and  parallel  on  the  plate,  (ft)  Lo  Surdo*  first  used  the 
method  employing  the  electric  field  in  the  cathode  fall.  A  variety  of 
tubes  of  the  Lo  Surdo  type  have  been  used  and  the  field  distribution 

*  J.  Stark,  Elektrische  Spektralanalyse  chemischer  Atome,  Leipzig.  S.  Hirzel.  I9I4* 

*  A.  Lo  Surdo,  Rendiconti  d.  Lincei,  22,  664,  1913. 
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changes  with  the  tube  design.  The  light  from  the  center  of  the  stream 
immediately  in  front  of  the  cathode  in  a  tube  of  small  diameter  is  more 
intense  than  that  from  a  canal-ray  tube,  and  Fowler  s  series  is  present. 
Field  strengths  are  found  indirectly  through  the  separation  of  well- 
known  components,  which  have  been  carefully  studied  in  the  canal-ray 
tube.  In  all  previous  investigations  the  axis  of  the  tube  has  been 
parallel  to  the  slit  of  the  spectrograph  so  that,  due  to  the  variable  field, 
the  components  appeared  on  the  plate  as  curved  lines. 

The  writer  has  undertaken  the  problem  of  finding  the  relative  intensities 
of  Stark  effect  components  by  means  of  a  neutral  wedge.^  Obviously 
the  canal-ray  tube  might  have  been  used,  though  it  supplies  a  relatively 
weak  source.  It  should  prove  satisfactory  for  intensity  measurements 
in  the  Balmer  series,  and  elsewhere  of  less  immediate  theoretical  interest. 
At  the  time  this  work  was  started,  however,  this  tube  had  not  been 
used  with  a  single  source  of  current  *  and  as  two  satisfactory  sources 
were  not  available  it  was  decided  to  use  a  Lo  Surdo  tube  with  helium 
as  the  gas.  The  usual  source  of  light  in  the  latter  tube  consists  of  a  thin 
section  cutting  through  the  center  of  the  stream;  and  includes  not  only 
the  bright  central  portion,  but  an  equally  thick  part  of  the  less  intense 
outer  portion.  The  resulting  spectrograms  show  well-defined  com- 
ponents which  fact  indicates  that  in  a  cross-section  of  the  stream  at 
any  point  the  field  is  effectively  constant  or  nearly  so. 

If  the  field  throughout  the  cross-section  be  constant  or  nearly  constant, 
either  actually  or  effectively,  then  the  main  components  of  a  line  should 
be  separate  and  parallel  if  the  tube  be  used  with  its  axis  perpendicular 
to  the  slit.  It  thus  appears  to  be  possible  to  obtain  with  a  Lo  Surdo 
tube  components  which  have  the  same  appearance  on  the  plate  as  those 
from  a  canal-ray  tube.  The  neutral  wedge  method  for  intensity  measure- 
ment is  equally  applicable,  and  there  are  the  advantages  of  more  light 
and  more  lines. 

The  form  of  tube  first  described  by  Nyquist  *  was  selected  as  a  good 
one  with  which  to  start  the  investigation.  In  this  tube  the  field  distribu- 
tion is  such  that  there  is  a  maximum  value  so  that  for  a  short  distance 
along  the  axis  of  the  tube  the  field  is  nearly  constant.  If  the  image  of 
this  section  of  the  source  be  allowed  to  drift  across  the  slit  during  an 
exposure,  then  the  blurring  of  the  components,  due  to  cathode  pitting, 
will  be  a  minimum. 

» J.  W.  Nicholson  and  T.  R.  Merton.  Phil.  Trans..  Ser.  A.  216,  459,  1916. 

*  F.  Tuczek  and  W.  Heuck.  Ann.  d.  Phys.,  63,  766,  1920. 

*  H.  Nyquist,  Phys.  Rev.,  10,  226,  191 7. 
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The  reader  is  referred  to  the  original  paper  by  Nicholson  and  Merton* 
for  the  theory  of  the  wedge.  The  relative  energy  content  of  two  com- 
ponents is  given  by 

where  the  subscripts  refer  to  the  components.  Ix  is  the  intensity  of 
monochromatic  light  of  wave-length  X  which  has  just  p)enetrated  the 
first  surface  of  the  wedge.    The  above  may  be  written 

/Iogt,-»^dX. 
M 

yiogxo-'^^dx,' 

M 

where  logifT^ihxDJM)  is  defined  as  the  photographic  intensity  of  light 
of  wave-length  X.  The  height  Ax  oi  a  component  varies  over  its  width 
in  accordance  with  the  distribution  of  energy  and  is  measured  on  an 
enlargement  of  magnification  M.  Dy  is  the  change  in  the  density  of 
the  wedge  per  millimeter  of  its  length,  for  light  of  wave-length  X.  It 
may  be  assumed  constant  over  the  region  including  the  components  of 
any  one  line  herein  investigated.  The  dispersion  of  the  spectrograph, 
too,  is  similarly  constant.  Thus  it  is  easy  to  construct  energy  distribu- 
tion curves  for  the  components  of  a  line,  from  the  contour  of  the  enlarged 
images  and  the  corresponding  wedge  densities.  From  such  curves  the 
relative  intensities  of  the  components  may  be  found  by  means  of  a 
planimeter. 

Experimental.    • 

The  helium,  prepared  from  thorianite  and  initially  at  atmospheric 
pressure,  is  kept  in  a  bulb  which  is  attached  to  the  main  vacuum  appa- 
ratus by  a  tube  in  which  there  is  a  stopcock  and  a  constriction.  Thus 
the  gas  can  be  admitted  to  the  vacuum  in  any  desired  quantity.  The 
arrangement  is  such  that  it  can  be  forced  around  a  circuit,  and  a  charcoal 
bulb  immersed  in  liquid  air  is  used  to  keep  it  pure.  A  transfer  pump 
helps  to  circulate  the  gas  and  to  regulate  the  pressure  in  the  discharge 
tube.  A  ballast  capacity  of  three  liters  tends  to  keep  the  pressure 
constant. 

The  discharge  tube  is  of  pyrex  glass,  and  is  shown  in  Fig.  i.  It  con- 
sists of  a  main  portion  M,  of  1.3  cm.  internal  diameter,  which  supports 
the  aluminium  anode  A ;  and  an  auxiliary  tube  B,  which  insulates  the 
greater  part  of  the  cathode  rod  C.     The  two  glass  parts  B  and  M  are 

»  Loc.  cit. 
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sealed  together  with  hard  wax.  The  cathcxie  is  an  aluminium  rcxi  3.5 
nun.  in  diameter;  and  is  supplied  with  two  collars,  which  fit  B  as  closely 
as  possible.  It  is  held  in  position  by  a  coiled  steel  spring,  which  presses 
one  of  the  collars  against  the  surrounding  tube  at  a  point  where  the  latter 
is  purposely  dented.  The  space  between  the  rod  and  the  glass  wall  is 
0.5  mm.  wide.  Between  the  glass  tubes  M  and  B,  and  fitted  closely  to 
each,  is  a  hollow  cylinder  of  aluminium  D.  A  small  portion  of  this  is 
in  the  form  of  a  thin-walled  tube  and  lies  inside  B.  This  part  of  D  has 
an  internal  diameter  of  3  mm.,  ends  7  mm.  from  the  cathode  surface, 
and  does  not  touch  the  glass  walls.  The  side  tube  Sz  is  placed  opposite 
the  cathode  surface  and  is  4  cm.  long.  The  window  W  is  sealed  to  this 
tube  with  wax.  Narrow  slits  are  made  through  B  and  D.  The  side 
tubes  Si  and  8%  form  a  part  of  the  circuit  around  which  the  helium  may 
be  forced.     The  useful  lite  of  a  tube  of  this  type  is  about  sixty  hours. 

The  discharge  is  very  stable.  It  is  necessary,  however,  to  have 
constant  communication  with  the  charcoal  bulb.  In  one  half  hour  from 
the  time  the  tube  is  started,  it  is  possible  to  increase  the  pressure  to  3 
mm.  of  mercury  with  safety.  During  this  time  a  pit  in  the  cathode  is 
started.  This  pit  apparently  grows  as  long  as  the  tube  lasts.  In  a  tube 
60  hours  old  it  is  2.8  mm.  deep  and  the  diameter  is  exactly  equal  to  that 
ot  the  aluminium  tube  close  to  the  cathode.  The  greater  part  of  the 
pit  is  uniform  in  diameter.  The  bottom  is  conical.  The  tube  may  be 
run  without  any  cooling  device,  provided  the  current  does  not  exceed 
3  mil.  amps.  During  an  exposure  of  7  hours  no  change  could  be  detected 
in  the  voltage  or  current.  In  the  longest  exposure  (18  hours)  there  were 
a  few  slight  fluctuations.  Corrections  were  immediately  made  by  adjust- 
ment of  the  ice-cooled  water  resistance  or  the  pressure  of  the  helium. 
The  variation  was  never  more  than  one  per  cent,  of  the  total.  It  follows 
that  the  variation  in  the  field  to  which  the  source  is  subjected,  which 
comes  as  a  result  of  irregularity  in  the  discharge,  is  no  greater  than 
that  due  to  ripples  in  the  rectified  current,  and  is  less  than  that  caused 
by  the  drift  and  redistribution  of  electric  field  which  accompanies  the 
pitting  of  the  cathode. 
The  source  of  direct  current  is  essentially  that  described  by  Nyquist.^ 
Immediately  in  front  of  the  window  of  the  discharge  tube  is  a  Bausch 
and  Lomb  Tessar  lens  of  5  cm.  local  length  and  1.2  cm.  aperture.  A 
double-image  prism,  placed  close  to  the  lens,  separates  the  images, 
wF  ich  are  double  the  size  ot  the  source.  At  the  focal  plane  a  diaphragm 
stops  one  of  the  images.     A  sphero-cylindrical  lens  is  so  placed  that  the 

» Loc.  c'f . 
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images  formed  by  the  Tessar  lens  are  in  the  principal  plane  of  the  spherical 
portion  the  focal  length  ot  which  is  7.5  cm.  The  light  is  focused  on  the 
slit  b>  the  cylindrical  portion  of  15  cm.  focal  length.  On  the  cylindrical 
surface  is  a  diaphragm  with  a  square  opening  5.6  mm.  on  each  side.  This 
is  juFt  filled  with  light  by  the  Tessar  lens. 

The  wedge  is  of  dense  neutral  glass  supplied  and  ground  by  Brashear. 
At  the  thick  end  it  is  very  dark,  though  not  visually  opaque  to  daylight. 
The  neutral  glass  is  cemented  to  a  wedge  of  colorless  glass  such  that 
the  two  pieces  form  a  plane  parallel  plate.  The  colorless  glass  extends 
beyond  and  protects  the  knife  edge  of  the  neutral  glass.  The  wedge  is 
n^ounted  on  a  slide  immediately  in  front  of  the  slit.  The  opening  in  the 
slide  is  5  nmi.  long.  One  end  of  this  opening  matches  the  thin  end  of 
the  wedge. 

The  collimator  and  camera  lenses  are  doublets  of  45''  focal  length  and 
3''  aperture.  They  were  designed  by  Professor  Hastings  and  ground  by 
Brashear  from  glass  especially  transparent  to  light  in  the  visible  region. 

The  dispersive  apparatus  consists  of  five  glass  prisms  with  circular 
faces  6  cm.  in  diameter.  They  are  on  a  base  of  cast  iron  which  is  accu- 
rately flat.    The  dispersion  is  4.0  A./mm.  at  X  4472. 

Results. 

The  lines  X  4922,  4472,  and  4388  were  examined.  Of  these,  4922  and 
4388  are  the  second  and  third  terms  respectively  of  the  second  sub- 
ordinate series  of  parhelium.^  The  first  term  is  6678.  The  line  4472  is 
the  second  term  of  the  diffuse  series  in  the  system  of  pairs.  The  first 
three  members  of  this  series  are  X  5876,  4472,  and  4026. 

Seed  30  plates  were  used.  The  even  illumination  of  the  slit  is  shown 
in  Fig.  2.  On  the  negative  from  which  this  figure  is  taken  one  can  clearly 
see  the  ** isolated  component'*  of  4922,  observed  by  many  investigators i 
and  classified  by  Liebert'  as  the  first  term  of  the  *'  new  *'  third  subordinate 
series.  This  line  is  weak,  and  does  not  show  on  the  plates  taken  with  the 
^edge  in  position.  The  ** isolated  component*'  of  4388,  the  second  term 
of  the  above-mentioned  new  series,  is  caught  at  a  point  where,  as  the 
wedge  spectrogram  shows  more  clearly,  it  is  beginning  to  break  into  the 
two  components  observed  by  Nyquist  and  by  Takamine  and  Kokubu.* 

After  making  sure  of  even  illumination  of  the  slit,  the  wedge  was 
placed  in  position  and  an  exposure  of  seven  hours  was  made.  The 
resulting  plate,  No.  12,  is  the  one  from  which  all  measurements  of  the 

»F.  A.  Saunders.  Astrophys.  Journ.,  50,  151,  1919. 

*  G.  Liebert.  Ann.  d.  Phya.,  $6,  610.  191 8. 

•  T.  Takamine  and  N.  Kokubu,  Mem.  Coll.  of  Sci.,  Kyoto,  3,  275,  1919. 
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p  components  are  taken.  It  is  thought  to  be  reliable,  because  no  change 
was  detected  in  the  voltage  or  current  during  the  exposure.  The  voltage 
on  the  tube  was  6000  v. ;  the  current  3  mil.  amp. ;  and  the  pressure  of 
the  helium  was  2.8  mm.  Figs.  3  and  4  are  enlargements  of  the  images 
ot  4472  and  4922  respectively,  and  are  taken  from  plate  No.  12.  Fig.  5 
is  an  enlargement  of  4388  and  is  taken  from  a  plate  exposed  for  a  longer 
period.  The  s  components  are  taken  from  a  plate  exposed  for  eight 
hours  under  conditions  similar  to  those  under  which  No.  12  was  obtained. 
The  field  strength  is  found  from  the  separation  ot  the  main  components 
of  4472. 

The  continuous  lines  of  Fig.  6  represent  the  contours  of  all  lines 
examined.  As  the  background  of  the  plate  was  quite  clear,  the  enlarge- 
ments were  sketched  directly,  through  the  aid  of  an  instrument  commonly 
used  by  biologists  for  the  sketching  of  slides.  The  distortion  was  small 
and  the  error  arising  therefrom  is  considered  less  than  that  due  to 
imperfectly  judging  a  contour  of  constant  density.  The  latter  operation 
involves  an  error  of  about  one  per  cent. 

It  is,  of  course,  evident  that  the  unit  used  herein  for  intensity  measure- 
ments is  that  intensity  which  under  the  photographic  conditions  produces 
an  effect  on  the  plate,  which  is  just  visible.  Therein  lies  a  great  advan- 
tage of  the  wedge  method,  for  the  investigator  need  know  nothing  about 
the  behavior  of  the  plate  toward  the  various  frequencies  and  intensities 
of  light;  and  encounters  no  difficulties  due  to  irradiation.  In  order  to 
draw  the  energy  distribution  curves  for  a  group  of  components,  one  needs 
to  know  the  following  quantities  only :  (i)  Dxt  the  change  in  wedge  density 
per  millimeter  length  of  wedge,  for  the  average  frequency  of  light  in- 
volved; (ii)  a  series  of  values  of  Ax»  the  height  of  the  image,  at  various 
points  over  the  widths  of  the  components;  and  (iii)  ilf ,  the  magnification 
of  the  enlargement  on  which  the  heights  are  conveniently  measured. 
The  ratio  hx/M  gives,  so  far  as  we  can  detect,  the  length  of  wedge  pene- 
trated. The  physical  meaning  of  D^  is  seen  from  the  following  considera- 
tion. Let  two  constant  sources  of  monochromatic  light  of  wave-length 
Xo  and  of  intensities  A  >  B  he  such  that,  for  otherwise  identical  photo- 
graphic conditions,  the  length  of  wedge  p)enetrated  by  the  light  of 
intensity  A  exceeds  by  one  millimeter  the  length  penetrated  by  the 
light  of  intensity  B\  then  logio-4/5=Pxo- 

Because  the  energy  distribution  quite  clearly  varies  with  the  com- 
ponents, at  least  under  ordinary  conditions  of  electric  field,  dispersion, 
and  resolution,  the  heights^  of  the  components  are  inadequate  for  the 
accurate  determination  of  relative  intensities.     If,  however,  the  heights 

» J.  W.  Nicholson  and  T.  R.  Merton.  loc.  cit.;  also  Phil.  Trans.,  A,,  217,  231,  191 7. 
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be  measured  at  a  large  number  of  points  over  the  width  of  each  com- 
ponent or  group  of  unresolved  components,  and  be  used,  together  with 
the  wedge  density,  to  plot  the  distribution  curves;  then  a  much  closer 
approximation  is  obtained.  This  has  been  done.  The  dotted  lines  in 
Fig.  6  represent  the  energy  distribution.  Under  each  main  component 
will  be  found  the  relative  energy  content  which  has  been  assigned  to  it. 
There  remains,  nevertheless,  an  error  which  is  at  present  hard  to  evaluate. 
This  is  due  mainly  to  a  variation  of  the  field,  which  variation  affects  the 
position  of  each  real  component  to  a  degree  dependent  upon  the  distance 
from  the  original  line.  Thus  the  outside  components  are  the  most 
blurred. 

The  usefulness  of  the  present  method  is  limited,  therefore,  by  the 
cathode  pitting  which  produces  the  effect  just  mentioned.  Unless  condi- 
tions be  changed,  longer  exposures  will  be  required  to  obtain  measure- 
ments of  Fowler's  series,  and  longer  exposures  will  produce  a  blurring 
which  may  seriously  affect  the  accuracy.  Nevertheless,  it  is  well  known 
that  the  Lo  Surdo  method  has  led  to  the  discovery  of  new  lines,  in  fact 
new  series  of  lines,  with  exposures  which  under  ordinary  conditions  of 
spectrographic  apparatus  were  for  periods  of  a  few  hours.  Also  the 
writer  has  observed  that  in  an  aged  horizontal  tube  the  analysis  obtained 
with  short  exposures  is  apparently  quite  equal  to  that  produced  by  means 
of  a  canal-ray  tube.  It  has  seemed  worth  while,  therefore,  to  investigate 
further  the  possibilities  of  the  method  herein  outlined.  A  design  of 
tube  which  will  reduce  or  eliminate  the  cathode  pitting  seems  the  most 
probable  way  out  of  the  difficulty. 

The  extension  of  the  investigation  has  been  made  possible  by  the 
National  Research  Council. 

The  writer  wishes  to  express  here  his  deep  indebtedness  to  the  late 
Professor  Henry  Andrews  Bumstead,  who  proposed  the  problem,  devised 
the  method  of  attack,  and  gave  direction  and  encouragement  during  the 
first  part  of  the  work.     He  desires  also  to  extend  his  best  thanks  to 
Professor  Leigh  Page  for  his  interest  and  direction.     His  thanks  are 
further  due  to  Professor  H.  S.  Uhler,  whose  exact  information  and 
advice  regarding  spectroscopic  apparatus  have  removed  many  difficulties. 
Sloans  Laboratory, 
Vale  University, 
April,  1922. 
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QUENCHING:    A  MATHEMATICAL  STUDY  OF  VARIOUS 
HYPOTHESES  ON   RAPID   COOLING. 

By  K.  Hbindlhopbr. 

Synopsis. 

Mathematical  Study  of  the  Temperature  Changes  in  a  Hot  Body  after  Quenching, 
Assuming  Various  Conditions  of  Heat  Flow  from  the  Surface. — (i)  Assuming  no 
thermal  resistance  at  the  surface,  theoretical  cooling  curves  for  a  steel  ball  and  a 
steel  plate  are  computed  (Fig.  i).  (2)  Assuming  constant  thermal  resistance,  the 
general  equation  is  derived  for  the  case  of  a  cylinder  of  finite  length  (Eq.  17).  (3) 
Assuming  a  vapor  layer  which  conducts  the  heat  to  a  liquid  layer  at  rest,  the  general 
solutions  for  the  temperatures  at  the  surface  of  a  large  body  (Eq.  41)  and  of  a  plate 
(Fig.  5)  are  obtained.  (4)  Assuming  that  the  heat  after  passing  through  the  vapor 
layer  is  carried  away  by  convection  at  a  uniform  rate,  the  equation  and  curves  are 
obtained  for  the  case  of  a  plate  (Eq.  58;  Fig.  6). 

Heat  Plow  from  a  Metal  Cylinder  Quenched  in  Water. — By  comparing  various 
experimental  cooling  curves  with  the  theoretical  curves  obtained  above,  it  is  evident 
that  after  the  first  stage  of  quenching  none  of  the  assumed  conditions  correspond 
to  the  facts.  It  is  found  that  the  rate  of  transfer  of  heat  through  the  surface  is 
not  constant  but  is  an  exponential  function  of  the  temperature  of  the  surface. 
Smaller  cylinders  seem  to  have  less  specific  heat  flow.  The  discrepancy  with  theory  . 
is  doubtless  due  to  the  neglect  of  the  bubbling  which  begins  almost  immediately. 
Reheating  of  the  surface  of  a  body  immediately  after  quenching,  due  to  sudden 
formation  of  a  steam  jacket,  does  not  occur.  Reheating  as  evidenced  by  structural 
investigation  may  occur  in  a  later  phase  of  quenching. 

I.  Hypothesis  No.  i. 

Sudden  cooling  of  the  surface  to  final  temperature. 

This  hypothesis  has  been  dealt  with  by  Fourier.^  It  presupposes  a 
quenching  medium,  the  cooling  effect  of  which  is  infinitely  rapid.  The 
cooling  of  the  solid  depends  then  entirely  on  its  thermal  and  geometrical 
properties. 

The  conclusions  which  are  derived  from  this  hypothesis  are  of  value 
in  certain  cases.  A  body  with  high  specific  heat  capacity  and  low  con- 
ductivity will  evidently  be  cooled  very  rapidly  at  the  surface.  Another 
case  where  this  hypothesis  is  effective  is  the  central  portion  of  a  large 
body,  which  is  very  little  depending  on  the  quenching  medium.  This 
may  be  clear  when  it  is  considered  that  after  the  surface  has  cooled, 
the  flow  of  heat  to  the  surface  will  rapidly  diminish  on  account  of  the 
thick  layer  interposed  between  the  hot  interior  and  the  cold  surface. 
This  will  be  proven  in  the  next  section. 

On  the  other  hand,  the  temperature  in  small  bodies  of  high  diffusivity 
is  inaccurately  represented  by  this  hypothesis.  The  inaccuracy  is 
greatest  at  the  surface  itself. 
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The  hypothesis  under  consideration  represents  the  extreme,  the  ideal 
which  may  be  approached,  more  or  less.  If  applied  to  the  sphere,  the 
temperature  distribution  is  as  follows: 


(1) 


Ui  initial  temperature  (assumed  to  be  uniform  at  time  /  =  o), 

u  temperature  at  the  radius  p, 

uq  final  temperature  or  temperature  of  the  quenching  medium, 

p  variable  radius, 

R  radius  of  the  sphere, 

/    time, 

a*  diflfusivity.     For  steel  we  assume  a*  =  o.iii  cm.Vsec. 

The  corresponding  equation  for  the  center  of  an  infinite  slab  is 


(2) 


Ui  —  Uo       ir£^i  2m  —  I 


where  /  is  half  the  thickness  of  the  slab. 

Figs,  la  and  lb  and  the  three-dimensional  model  Fig.  ic  shows  tem- 
perature distribution  in  a  steel  ball  of  i  cm.  radius,  assuming  fastest 
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Fig.  la. 


possible  quenching,  i.e.,  given  by  equation  (i).  The  values  shown  in 
Fig.  I  may  be  used  to  determine  the  temperature  in  any  sphere  with 
any  thermal  constants  as  the  exponent  in  equation  (i)  remains  unchanged 
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Fig.  16. 

if  /  is  increased  in  the  same  proportion  as  R^  and  inversely  as  a*.  From 
this  it  is  obvious  that  in  order  to  derive  new  diagrams  from  the  old  one 
for  other  values  of  R  and  a*,  it  is  only  necessary  to  change  the  abscissa 
scale  to  suit. 


Fig.  Ic. 

Fig.  id  shows  the  curves  of  Fig.  la  on  semi-logarithmic  paper.  Equa- 
tion (2)  is  plotted  in  Fig.  2.  The  steady  flow  condition  in  this  case 
appears  as  a  straight  line  and  the  slope  of  the  lines  representing  tempera- 
ture-time in  various  depths,  is  the  same.  Thus  the  logarithmic  plotting 
has  the  advantage  of  simplicity,  furthermore,  it  is  valuable  in  deciding 
whether  an  experimental  cooling  curve  follows  the  exponential  law. 
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COOUNC  CURVES  FOR  STEEL  BALL 
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Fig.  Id. 

Fig.  la  may  be  useful  to  demonstrate  the  effect  of  over-heating  of 
steel  on  its  ultimate  hardness.  It  has  been  shown'  that  the  quenching 
speed  of  steel  through  the  transformation  range,  is  the  determining  factor 
for  the  resulting  hardness.  There  is  a  critical  cooling  speed,  below  which 
soft  structure  with  more  or  less  troostite  is  formed  and  above  which 
hard  structure  with  pure  martensite  or  martensite  plus  austenite,  is 
produced.  Thus  the  slope  of  the  curves  at  the  transformation  range  is 
of  interest. 

The  ordinates  in  Fig.  la  are  expressed  in  relative  units.  As  the  total 
temperature  drop  is  chosen  for  unit,  all  other  temperatures  will  be 
expressed  in  fractions  of  this  unit.  In  order  to  see  the  influence  on  the 
speed  of  cooling  by  raising  the  quenching  temperature  to  higher  values, 
it  is  not  necessary  to  replot  the  curve,  but  it  is  sufficient  to  drop  the  line 
CC.  The  slope  of  the  temperature-time  curve  at  the  intersection  with 
CC,  represents  the  cooling  speed  at  the  corresponding  point.  An  inspec- 
tion of  the  curve  shows  that  an  initial  temperature  only  slightly  above 
the  transformation  point  cannot  result  in  rapid  cooling  through  the 
transformation  range.  This  is  especially  true  for  points  in  the  vicinity 
of  the  center  of  the  sphere.  In  order  to  obtain  rapid  cooling,  the  quench- 
ing temperature  should  be  sufficiently  above  critical.  This  is  in  accord- 
ance with  experience. 

II.    Hypothesis  No.  2. 
Heat  emitted  by  a  unit  area  in  a  unit  time  is  proportional  to  the  difference 
between  the  surface  temperature  and  the  temperature  of  the  quenching  liquid 
{Newton* s  cooling  law).     This  is  equivalent  to  assuming  a  constant  surface 
resistance. 
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Newton's  cooling  law,  *.«.,  law  of  surface  emission  of  heat  which  does 
not  assume  instantaneous  cooling  of  surface,  may  be  written 


(3) 


-<£). 


H{u.  -  tto). 


where  K  =  conductivity  of  the  metal, 
H  =  constant  surface  cooling, 
Ut  =  variable  surface  temperature, 

tto  =  temperature  of  the  quenching  liquid  at  a  great  distance 
from  the  quenched  body.     «©  is  assumed  to  be  constant. 
5  indicates  surface. 
Equation  (3)  may  be  interpreted  in  two  ways,  viz. : 
(a)  The  amount  of  heat  emitted  by  a  unit  area  in  a  unit  time  is  pro- 
portional to  the  difference  between  the  surface  temperature  and  the 
temperature  of  the  surrounding  medium. 

(6)  Imagine  an  insulating  layer  on  the  surface.  Let  the  temperature 
on  the  two  sides  of  this  layer  be  u,  and  Wo.  Let  the  thickness  of  the  layer 
be  **d"  and  assume  d  small,  i.e.,  the  heat  capacity  negligible.  Its  con- 
ductivity should  be  low  enough  to  have  appreciable  effects  in  spite  of 
the  small  thickness.  According  to  the  fundamental  conception  of  heat 
conduction 


-K' 


---<£).- 


If  K'jd  be  set  equal  to  H,  equation  (3)  is  obtained,  which  proves  that 
Newton's  cooling  law  may  also  be  interpreted  as  a  constant  surface  resistance 
obstructing  emission  of  heat. 

The  problem  of  heat  flow  under  the  assumption  of  equation  (3)  was 
solved  by  Fourier  and  Poisson  for  the  sphere,  the  slab,  the  prism,  the 
cube,  and  the  infinite  cylinder. 

In  order  to  compare  the  two  types  of  coolings  defined  by  Hypotheses 
I  and  2  respectively,  consider  the  cooling  equation  for  an  infinite  plate 
as  given  by  Poisson : 


(4) 


U  —  Uo 


Ui  —  Uo        "l 


X^ cos  (x  +  l)Ki  +  ^sin  {x  +  /)X^ 


f+'(S--') 


[' 


sin  (X,2/) 


H 


]• 


(5)   '«(>^)=f55' 


+  ^  (I   -  cos  X,2/) 


(6)     /g(Xj)=  -Y'l- 
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COOLINC;  CURVES  FOR /i  MEF  L  PLATE 
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Fig.  2. 

Equation  (4)  is  plotted  on  Fig.  2  for  a  steel  plate,  2  cm.  thick  with  a 
diflfusivity  a*  =  o.iii  and  H  =  0,1. 

The  extreme  cases  of  great  surface  emissivity  on  the  one  hand  and 
great  thickness  of  the  plate  on  the  other,  are  of  interest.  For  these  cases 
either  HIK  or  /  approach  infinity  and  equation  (5)  becomes 

\J^  {2m'-  I)-. 
2 

Substituting  this  into  equation  (4)  the  latter  becomes  for  jc  =  o  the 
same  as  equation  (2),  which  proves  the  statement  made  in  the  second 
paragraph  of  Section  i,  that  in  case  of  large  bodies  the  cooling  at  the 
center  does  not  depend  much  on  the  value  of  the  surface  emissivity  HjK 
as  long  as  HIK  is  not  too  small.  In  practice  this  would  mean  that  quenching 
speed  cannot  be  improved  at  the  center  of  a  bulky  piece  of  metal  by  substituting 
water  in  place  of  oil. 

Due  to  the  fact  that  a  great  number  of  quenching  experiments  were 
conducted  on  cylinders  the  height  of  which  is  comparable  with  their 
diameter,  the  solution  for  the  cylinder  of  finite  length  is  important. 
In  order  to  solve  it,  let  us  make  Fourier  s  etiuation  in  cylinder  coordinates, 
our  starting  point. 

(7)  ^Jt^a^(^^l^^^\ 

^'  dt        \v     pdp    as*/ 

This  equation  is  satisfied  by  the  particular  solution : 

(8)  u  =  jce""*'  cos  pz, 

where  jc  is  a  new  variable  depending  on  p  only.    Substitute  (8)  in  (7) 

dpl^      pdp       \a*  / 

This  is  the  differential  equation  of  the  Bessel  functions.     The  solution  is 

(10)  x  =  /o(p^^-.  pA' 
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Therefore  the  particular  solution  (8)  becomes 


(i i)  u  ^  Jo(p  yj—^  -  iAe'"^^  cos  pz. 

At  the  curved  surface  p  ^  R  Newton's  cooling  law  (eq.  3)  should 
be  satisfied  by  (11). 

(12)  H(«),.i,  +  2i:(g)  _^  =  o. 

Set 

(.3)  f-» 

and 

(14)  ^  -  />*  -  X-'. 

From  (11),  (12),  (13)  and  (14)  we  obtain 

For  the  flat  sides  the  procedi  re  is  similar  and 

(16)  ^  =  tg(bp) 

bp 

is  obtained  where  26  is  the  length  of  the  cylinder.     Both  equations  (15) 
and  (16)  have  an  infinite  number  of  roots;  each  one  determines  a  par- 
ticular solution,  which  fulfills  surface  conditions. 
From  equations  (11)  and  (14)  the  general  solution  will  be: 

(17)  u  =  [ai/o(pXi)€-*^'''  +  a^Up\t)e-^^^'  +  •  •  •]  [*i  cos  (/>i2)e-*'»*' 

+  bt  cos  (/)«2)e-«*'«^'  +  •  •  •] 

The  constants  a«  and  6m  may  be  determined  according  to  Fourier. 
Their  values  are 

where  «» is  the  initial  temperature  of  the  cylinder. 

III.  Hypothesis  No.  3a. 
Steam  is  formed  at  the  boundary  of  the  solid  (Leidenfrost  effect).     The 
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water-steam  surface  remains  parallel  with  the  surface  of  the  solid.    Heat 
moves  in  the  Uguid  by  conduction  alone. 

In  quantity  prcxiuction  of  hard  steel  articles  such  as  balls  and  races 
for  bearings,  it  was  in  some  instances  found  that  the  outer  surface  of  the 
quenched  steel  had  soft  spots  which  covered  material  of  normal  hardness. 
Structural  investigation  with  the  microscope  indicated  that  a  reheating 
of  the  surface,  while  quenching  to  a  depth  of  a  few  tenths  of  a  millimeter, 
had  taken  place. 

In  the  following  it  is  attempted  to  investigate  mathematically  the 
conditions  under  which  a  reheating  of  the  surface  occurs.  It  was  sug- 
gested that  at  the  instant  of  quenching  the  surface  layer  cools  consider- 
ably. Immediately  after  this  steam  is  formed  which  arrests  any  further 
cooling.  The  surface  is  then  reheated  by  the  hot  central  portion  of  the 
metal.  In  turn  it  will  be  shown  that  this  view  is  not  correct.  At  best, 
reheating  may  eventually  occur  in  a  later  phase  of  the  quenching,  when 
local  accumulation  of  steam  has  taken  place. 
Infinitely  extended  body  with  plain  boundary. 

In  order  to  be  able  to  treat  the  problem  mathematically,  it  is  necessary 
to  choose  the  simplest  conditions,  i.e.,  an  infinite  plainly  bounded  solid 

(Fig-  3)-  Furthermore,  it  will  be  as- 
sumed that  the  thickness  of  the 
steam  layer  formed  is  uniform;  in 
other  words,  the  boundary  of  the 
vapor  and  liquid  remains  parallel 
with  the  surface  of  the  solid.  This 
must  be  true  as  long  as  the  steam 
layer  is  very  thin.  Assume  that  a  bulging  out  would  start  at  "o." 
Immediately  the  poorly  conducting  layer  would  be  increased  in  thick- 
ness, which  in  turn  would  reduce  heat  conduction  at  "o,"  counteract- 
ing further  evaporation.  In  case  of  an  approach  **6  *'  the  opposite  would 
happen.  The  evaporation  would  then  tend  to  stabilize  the  surface  of 
the  liquid  and  would  keep  it  of  uniform  thickness.  With  greater  thick- 
ness the  unevenness  of  the  surface  becomes  relatively  small,  thus  the 
stabilizing  effect  decreases,  and  the  surface  becomes  unstable,  and 
will  break  up  into  bubbles.  The  subsequent  investigation  should  be 
regarded  as  an  approximation  and  should  be  restricted  to  a  short  time 
interval,  immediately  after  immersion.  The  main  object  is  to  decide 
whether  or  not  a  reheating  may  take  place  during  this  interval. 

The  phenomenon  of  soft  surface  occurs  in  water  quenching  of  steel. 
We  shall  restrict  our  constants  to  steel,  steam  and  water. 
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Notation. 

Value  of  Constants  Assumed  in  the  Calculation. 


K  =  coefficient 
of  heat 
conductivity 


For  steel  we  assume.  .iiri  =  o.i 
For  superheated  steam  Kt^ior 


gcal. 


cm.  sec.  C.**' 
^      g  cal. 


,averagev. 


p  =  density. 


c  —  specific  heat 


Co 

For  water Ki^i.^  X  io~*. 

Steel Pi  =  7.8  g/cm.*; 

Superheated  steam.  . .  p«  =  3.io~^  g/cm.*  average; 

Water ps=i.o. 

Steel Ci  =  o.ii4; 

Superheated  steam.  . .  Ci=o.5 — ^average  value; 

Water Cs=  i.o. 

m  =  volume  ratio  steam/water  =  p^lpt  =  3.33  X  10*. 
a»  =  KjpC  =  diffusivity. 
X  =  depth  co5rdinate  jc  <  o  within  the  steel, 
jc  =  f  boundary  QQ  (water,  steam)  at  time  /.     (See  Fig.  4.) 
f '  =  thickness  of  layer  of  water  which  evaporated  at  time  /. 
X  =  heat  of  evaporation  (latent  h).     540  cm.  sec. 
0(x)  =  2/'^Tjl*e'^dfi  abbreviation  for  the  probability  integral. 
u  =  temperature. 
/  =  time. 


lOOC 


Fig.  4. 

Af  B,  C,  constants  to  be  determined  from  the  limiting  conditions  a,  fi 
are  constants. 
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The  differential  equations  governing  the  flow  of  heat  are 

(19)  —  =ai«— in  the  steel, 

(20)  —  =  ai*  — -  m  the  steam, 

di  dx^ 

(21)  —  =  az^ — -in  the  water. 

dt  dxi* 

At  the  plane  QQ  the  heat  of  evaporation  per  second  must  equal  the 
difference  between  gain  and  loss  per  second  at  the  plane  QQ,  which  gives 
the  following  equation: 

It  may  be  verified  by  substitution,  that  the  solutions  of  these  differ- 
ential equations  are 

(33)  «,  =  ^,+B.e(-^-^); 

(24)  «*  =  ^*  +  ^'K^-^v/)' 


\2a,^JtJ 


(25)  ut  =  At  + 

(26)  {  =  «  V< 

(27)  {'  =  0V< 

(28)  a  =  (m  +  i)/S. 

The  boundary  conditions  to  be  fulfilled  are 

xi  =  {',        X  =  I,        «»  =  «$  =  100"  C. 
from  (24),  (25),  (26),  (27) 

(29)  ^,  +  B,e^^^  =  ICO, 

(30)  Ai  +  B3e(-^\=  100 
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for  X  =  o,  tti  =  i4i;  Ut  =  At  denote 

(31)  ill  =  ill  s  Co, 

let  the  temperature  of  the  water  far  away  from  the  plate  be  Xi  =  00 , 
t<|  s  Cit  then 

(32)  C,  =  i4,  +  B, 
from  (29)  and  (31), 

(33) 

from  (30)  and  (32) 

(34) 


-,         100  -  Co 


e 


{£) 


„  Cs  -  100 


I  -  e 


(^.) 


We  assume  the  initial  temperature  of  the  steel  Ci,  uniform  at  /  =  o  and 

(35)  tti  s  Ci        for        X  =  -  00 
from 

(36)  Ci^Ai  +  Bi 
from 

(37)  "•=c«+(C'-c»)«G-^)- 

In  order  to  determine  Co  we  have  to  remember  that  the  gain  and  loss 
of  heat  at  the  boundary  of  the  metal  are  equal,  thus 

if  the  values  Wi  and  Ut  from  (23)  and  (24)  be  substituted 

(39)  ^^^^^^. 

ai  at 

substituting  the  values  for  Bi  and  Bt 

(40)  Co=-  ^'''^     ^^"^^ 


I  + 


KiOi     \2atJ 
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from  (22)  we  obtain 


Co  =  100  + 
(41) 


2   Ki     \2at) 


/2ai)«at 


flails     100  —  Cs 


(40)  and  (41)  contain  a  and  Co  as  the  only  unknown  quantities. 

Introducing  the  numerical  values  of  the  constants  it  is  possible  to 
determine  by  trial  the  values  of  a  and  Co.  For  steel  and  water  of  the 
temperature  of  0°  C. 

Ci  -  Co  =  12.6°  C. 
and 

a  =  0.0336  cm.  sec.~^'*.  (See  Fig.  9.) 

This  means  that  the  temperature  at  the  surface  of  an  infinite  body  of  steel 
drops  12,6^  C.  when  quenched  in  ice  cold  water  and  remains  at  that  tempera- 
ture. The  temperature  gradually  drops  to  this  value  within  the  body  as 
per  equation  (37). 

It  would  be  interesting  to  compare  the  heat  per  second  lost  by  con- 
duction with  that  used  for  evaporating  the  water. 

KbCz  —  100  1.4  X  10"^  ^^         ^^          ,,      , 

^ m       -^ X  100  X  3-33  X  io» 

^  =  ^3     I  -  Q         ^     00374 

Ca          Xp30.886a  540  X  I  X  0.886  X  0.0336 

From  this  we  arrive  to  the  conclusion  that  the  latent  heat  is  negligible 
compared  with  the  conducted  heat.  This  is  explained  by  the  great 
expansion  of  the  water  when  converted  to  steam.  A  very  slight  evapora- 
tion causes  a  comparatively  great  increase  of  thickness  of  the  steam 
layer  thus  decreasing  the  outflow  of  heat,  while  the  heat  conducted 
away  is  independent  of  the  thickness  of  the  steam  layer.  This  holds 
good  until  the  thickness  of  the  steam  layer  becomes  large  enough  to 
render  it  unstable  and  bubbles  begin  to  form.  Then  the  layer  is  broken 
down  and  new  contact  is  formed,  new  evaporation  sets  in  and  the  cooling 
will  proceed  at  a  higher  rate  than  obtained  by  equation  (37).  Vigorous 
bubbling  takes  place  also  when  quenching  steel  in  hot  water  and  by  the 
evaporation  at  repeated  contacts,  it  is  possible  to  obtain  hard  quenching 
even  in  boiling  water. 

Plate  of  finite  thickness,  quenched  on  both  sides. 

In  the  preceding  section  it  was  shown  that  the  surface  temperature  of 
a  large  piece  of  steel  quenched  in  water  will  suddenly  drop  by  an  in- 
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significant  amount,  and  remain  at  that  temperature,  provided  the  assump- 
tions on  which  the  solution  of  the  problem  is  based  are  fulfilled.  When 
quenching  large  masses  of  steel  it  may  actually  be  noticed  that  the 
surface  remains  incandescent  for  a  considerable  length  of  time  after 
submersion. 

Furthermore,  it  is  borne  out  that  under  these  assumptions  a  temperature 
rise  after  the  first  drop  would  not  occur. 

It  would  be  of  further  interest  to  extend  the  investigation  to  a  plate  of 
finite  thickness  quenched  at  both  sides.  Evidently  the  solution  would 
be  identical  with  the  one  of  the  preceding  section  until  the  temperature 
drop  reached  the  center  of  the  plate;  after  this  the  surface  temperature 
must  gradually  drop  below  Co. 

1.  The  amount  of  heat  absorbed  by  the  water  at  QQ  (Fig.  4)  may  be 
easily  determined  as  QQ  must  be  at  the  constant  temperature  of  100°  C. 
The  classical  solution  (convection  excluded)  is 

(4.)  u..,oo{,-e[^]). 

The  heat  current  thus  is 

(43)  Kt  (^)  =  -  looKz  T-i— e-(i^^«v*)«]        =  -  looiC,— ^ . 
\^^»/  L  2a,  Vir/  J^.o  asVir/ 

2.  This  same  heat  current  must  be  emitted  by  PP  (Fig.  4)  as  the 
capacity  of  the  film,  and  the  heat  used  in  evaporating  the  liquid  is 
negligible  as  long  as  the  assumption  of  parallelism  of  QQ  and  PP  is  valid. 
Equation  (43)  thus  furnishes  one  boundary  condition.  The  second 
boundary  condition  is  given  by  the  symmetry.  According  to  this,  there 
is  no  heat  exchanged  through  the  center  plane  of  the  plate.  This  is 
expressed  by 


(44) 


(s)--°- 


Besides  the  terminal  conditions  (43)  and  (44)  the  differential  equation 

dui  ^     ^Shii 

dt         ^'    dJC« 

must  be  fulfilled.  This  problem  has  also  been  solved  under  the  premises 
defined  at  the  beginning  of  this  article.  The  details  of  the  exact  solution 
will  not  be  given  here  as  it  would  occupy  considerable  space.  Only  the 
final  result  is  presented  in  Fig.  5.     **c'*  is  the  temperature-time  curve 
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a,t  the  surface  of  a  plate  2  cm.  thick,  quenched  in  ice- water.  Curve  "6" 
refers  to  a  depth  0.05  cm.  below  the  surface.  If,  however,  the  tempera- 
ture drops  slowly,  its  distribution  within  the  plate  must  be  nearly 
uniform,  which  permits  solving  the  problem  in  an  approximate  way. 

Denote  the  initial  temperature  by  w».  Let  the  heat  contained  in  a 
prism  of  i  cm.*  section,  extending  from  the  center  to  the  surface,  be  Qi. 
The  rate  of  change  of  Qi  must  be  equal  to  the  heat  lost  per  cm.*  surface 
per  second,  or 

0  =  -  ioof^-4=  <i+  Q,, 

Q  =  ucipil       Qi  =  Ut^ipil. 
The  approximate  solution  thus  is 

Ui  —  u  =  100  ,-7=  -St 


aiCipil  Vir 


=  100 


1.4  X  io-» 


3.74  X  lO-«  X  0.1 14  X  7.8  X  I      Vir 


for  a  plate  2  cm.  thick  (/  =  i  cm.).  For  comparison  this  approximate 
solution  is  represented  by  the  dotted  line  ''a"  (Fig.  5)  which  approaches 
very  closely  the  accurate  solution  represented  by  C  after  a  few  seconds. 


Fijf.  5. 
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IV.  Hypothesis  36. 

Steam  is  formed  at  the  boundary  of  the  solid.  The  surface  water-steam 
remains  parallel  to  the  surface  of  the  solid.  Heat  is  removed  by  convection 
only,  at  a  uniform  rate. 

The  boundary  surface  of  water-steam  QQ  in  Fig.  4  must  be  at  100°  C. 
Consider  tho  simplest  case  of  uniform  turbulence,  in  which  case  the  rate 
of  removal  of  heat  is  constant.  Due  to  the  fact  that  the  heat  capacity 
of  the  steam  layer  is  negligible,  the  same  amount  of  heat  is  removed 
from  the  metal  surface  as  from  the  water-steam  surface.  The  amount  of 
heat  required  to  evaporate  the  liquid  must  be  negligible.  (See  Hypothe- 
sis No.  3a.) 

Let  us  assume  a  plate  quenched  on  both  sides.  It  should  be  of  uniform 
initial  temperature.  What  will  be  the  temperature  at  any  point  of  the 
plate  at  any  time  after  quenching,  if  the  boundary  conditions  mentioned 
above  are  valid? 

(45) 

differentiating  with  respect  to  x, 

(46) 

denote 

(47) 


(48) 

boundary  conditions 

(49)     at  center 


du  _ 

dt 

'''dx^ 

:t  to  X, 

e  fdu\  _ 
dt\dx)  ~ 

du 
dx 

=  V, 

dv  _ 

dt 

by? 

j^du 
~^Tx 


(50)     at  surface 


j^du 


=  I  -ii:H*-o  =  o. 


=  l—  Kv\s^i  ^  CtH  =  constant, 


(51)     /  =  o    u  =  Ui    constant  within  the  plate. 

Equation  (48)  has  the  form  of  equation  (45).  The  corresponding  solu- 
tion with  boundary  conditions  (49),  (50)  and  (51)  is  generally  known, 
and  may  be  written 


2Ta 


2  JO 


where  Cj  designates  the  temperature  at  QQ  above  the  temperature  of 


(52)     »  =  -  -p-Z  (-  0"»»  sin 
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the  surrounding  liquid.     We  shall  assume  ice-cold  water,   in  which  case 
C2  =  100°  C. 


(53) 


Jo  \amnj 


For  abbreviation  let  us  set 

(54)  "{1)*'' 

then 

Let  the  difference  of  temperature  between  center  and  at  the  point  x 
be  Att,.     From  (47) 


/  ^N      A  f'^v,        2/CtH^(~  !)"•/        /mirx\        \,  _^v 


In  order  to  be  able  to  determine  the  drop  of  temperature  at  the  center 
below  its  initial  value,  equate  HCtt  (which  is  the  heat  lost  through  the 
surface),  to  the  loss  of  heat  in  the  plate. 

(57)  lpc(ui  —  tt,.o)  +  cpfii^AU:4x  =  HCiL 

Substituting  the  value  of  AUx  from  (56)  in  (57),  and  integrating,  the 
temperature  drop  at  any  point  of  the  plate  may  be  expressed  by 

(58)  «,-«.=-/_C,[Z4^cos(^  — j(,  -.-".) +-J. 

The  steady  state  is  represented  by  the  linear  equation 

.  z 
Ui  "  Ux  =  A-  f 

2 

i.e.,  the  temperature  drop  is  proportional  to  the  time,  which  is  self- 
evident  when  considering  the  premises.  Equation  (58)  is  plotted  on 
Fig.  6.     The  temperature  time  lines  at  different  depths  are  parallel. 

V.  Hypothesis  No.  4. 

Effect  of  sudden  stop  of  quenching. 

Under  No.  3a  it  has  been  pointed  out  that  a  thin  soft  shell  is  occa- 
sionally found  on  hard  steel  articles  which  .were  quenched  in  water. 
This  phenomenon  seems  to  be  promoted  by  warm  quenching  water  and 
when  the  quenched  pieces  touch  each  other  at  the  bottom  of  the  quenching 
tank. 
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t-0    .5     I     u    2    ts  3      Z»0    . 


Fig.  6. 

It  was  shown  that  reheating  cannot  occur  immediately  after  quenching. 
All  that  happens  then  is  a  sudden  but  small  drop  of  temperature  to  a 
value  which  remains  constant  at  the  surface  untli  either  the  temperature 
drop  reached  the  center,  or  the  film  becomes  too  thick;  the  film  then 
collapses  and  bubbling  begins. 

The  only  other  explanation  of  surface  reheating  is  a  stop  in  the  flow 
at  a  later  phase  of  the  cooling  process. 

According  to  Portevin,  the  transformation  of  structure  to  hard  marten- 
site  begins  around  300°  C.  Occasionally  microscopic  investigations  of 
water-quenched  specimens  reveal  ''tempered"  needles  of  martensite 
at  the  surface,  which  postulates  the  preexistence  of  martensite,  con- 
sequently a  temperature  of  at  least  300°  C.  must  have  been  reached  at 
the  surface,  after  which  the  temperature  must  have  been  raised,  so  as  to 
produce  the  tempering. 

We  shall  not  enter  into  speculation  about  the  nature  of  the  obstruction 
which  causes  a  reheating  of  the  surface,  but  postulate  an  ideal  case,  i.e., 
an  instantaneous  and  complete  arrest  of  a  constant  flow  of  heat.  This 
is  a  drastic  condition  but  may  serve  as  a  point  of  departure  for  estimating 
milder  cases. 

Let  us  further  suppose  that  after  an  arbitrary  time  limit  the  obstruc- 
tion is  instantaneously  removed  and  original  quenching  condition  re- 
established. 

The  problem  of  interrupted  heat  flow  may  be  solved  in  a  simple  way 
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when  considering  that  the  underlying  differential  equation  is  a  linear  one, 
with  constant  coefficients.  This  equation  is  satisfied  by  the  sum  of 
any  number  of  particular  solutions.  The  physical  interpretation  of  this 
fact  is  the  principle  of  superposition,  i.e.,  the  coexistence  of  different 
flows  without  mutual  disturbance.  The  resultant  flow  is  the  sum  of  the 
components. 

This  principle  may  be  applied  with  advantage  to  the  present  problem. 
The  solution  may  result  from  two  heat  currents  in  opposite  direction, 
and  the  fictitious  influx  would  set  in  at  the  time  when  the  arrest  of  the 
influx  in  the  original  problem  begins.  According  to  the  principle  of 
superposition  the  two  currents,  equal  and  opposite,  counteract  each 
other,  the  result  being  a  stop  of  flow.  The  graphical  construction  is 
thus  as  follows:  The  temperature-curve  which  corresponds  to  a  constant 
outflux  of  heat  at  the  surface  is  first  plotted  (Equation  (58)).  The 
moment  of  arrest  of  heat  on  the  time  scale  is  then  marked,  and  regarded 
as  a  second  origin.  The  drop  in  the  first  system  (say  yu  in  Fig.  6) 
at  a  given  time  (^i),  is  added  to  the  system  defined  by  the  second  origin 
as  indicated  in  Fig.  6. 

Fig.  6  is  drawn  on  a  general  scale,  which  may  be  specialized  to  given 
constants.  This  is  shown  in  an  example.  H  =  0.6  g.  cal.  cm.""*  sec."^ 
C.°"^  is  assumed,  which  is  the  highest  value  computed  in  the  following 
article.  From  Fig.  6  it  is  obvious  that  an  increase  in  the  intensity  of 
quenching  (H)  increases  the  maximum  temperature  rise  in  reheating. 
At  0.85/  (1.5  mm.  depth  on  a  2  cm.  plate)  the  maximum  reheating  would 
be  considerably  less  (about  57  per  cent,  of  the  surface).  The  decrease  of 
the  relative  maximum  reheating  does  not  depend  on  the  quenching  speed 
if  the  premises  of  our  deductions  are  valid.  An  overheating  at  any  point 
closer  than  0.5  to  thie  center  is  not  possible  under  the  assumed  cooling  law. 

To  be  able  to  form  an  idea  about  the  magnitude  of  reheating,  let  us 
assume  an  example. 

For  H  =  0.6  g.  cal.  cm.~*  sec.~^  C.°~^;     /  =  i  cm.  (thickness  of  plate 

=  2  cm.); 

K  =  .1  g.  cal.  cm.~*  sec.~^  C.°~^;      a  =  0.33  cm.  see."*'*. 

The  increase  of  temperature  after  a  stop  lasting  for  0.45  second,  is 
120®  C.  at  the  surface  and  48°  at  a  depth  of  1.5  mm.  In  0.9  second  this 
would  increase  to  150®  C.  and  72°  C.  respectively.  With  an  arrest  of 
flow  for  an  indefinite  time,  the  temperature  rise  would  be  200°  C.  at  the 
surface. 

VI.   Discussion  of  the  Results  and  Comparison  with  Test  Data. 
In  the  foregoing  articles  four  cooling  hypotheses  were  examined,  each 
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one  leading  to  a  solution  characteristic  of  the  surface  cooling.  In  every 
case  it  was  assumed  that  the  constants  of  the  metal  do  not  vary  with  the 
temperature  and  no  heat  was  liberated  within  the  metal  during  quenching. 
The  results  derived  in  the  first  two  cases  are  exponential  functions,  i,e,, 
the  steady  state  appears  as  a  straight  line  if  time  is  plotted  to  a  uniform 
scale  and  the  corresponding  temperature  to  a  logarithmic  scale.  In  the 
third  case  the  steady  state  is  a  parabolic  curve,  i.e.,  straight  on  a  double 
logarithmic  paper.  In  the  fourth  case  the  relation  between  time  and 
temperature  is  linear. 

Experimental  cooling  curves  by  Portevin*  on  water  quenching  of 
cylinders  are  plotted  on  semi-logarithmic  paper.  Also  curves  for  Ni  Si 
cylinder  by  Pilling  and  Lynch'  and  for  steel  cylinder  by  Honda*  are 
plotted  for  comparison.  (Fig.  7.)  The  abscissa  were  shifted  in  some 
cases  to  avoid  the  starting  condition,  i.e.,  before  steady  state  was  reached. 
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Fig.  7. 

1.  Silver  cylinder  0.8  cm.  dia.  X  2.4  cm.  long,  quenched  in  running  tap  water,  by  Portevin 
and  Garvin. 

2.  Silver  cylinder  1.2  cm.  dia.  X  3.6  cm.  long,  quenched  in  running  rap  water,  by  P.  and  G. 

3.  Silver  cylinder  2  cm.  dia.  X  6  cm.  long,  quenched  in  running  tap  water,  by  P.  and  G. 

4.  Nickel  cylinder  1.2  cm.  dia.  X  3.6  cm.  long,  quenched  in  running  tap  water,  by  P.  and  G. 

5.  95  percent.  Ni  4-  5  per  cent.  Si;  cylinder  0.64  cm.  dia.  5  cm.  long,  quenched  in  water 
or  I**  C,  by  Pilling  and  Lynch. 

6.  Nickel  cylinder  2  cm.  dia.  X  6  cm.  long,  quenched  in  running  tap  water,  by  Portevin 
and  Garvin. 

7.  Steel  cylinder  1.26  per  cent.  C,  2  cm.  dia.  X  2  cm.  long,  quenched  in  water,  by  Honda. 

None  of  the  curves  are  straight  lines  at  high  temperatures.  The 
heavier  pieces  show  an  almost  straight  course  at  a  later  phase  of  cooling. 
This  indicates  that  the  surface  soon  reaches  the  constant  temperature 
as  per  Article  I.     In  other  words,  the  larger  the  mass,  or  lower  the  con- 
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ductivity,  the  more  accurately  will  the  hypothesis  of  instantaneous 
surface  cooling  apply,  when  points  in  the  vicinity  of  the  center  are  con- 
sidered. 

The  fact  that  at  higher  temperatures  the  experimental  curves  do  not 
appear  as  straight  lines,  if  plotted  on  semi-logarithmic  paper,  is  a  proof 
that  Newton's  cooling  constant  depends  on  the  surface  temperature. 
For  a  short  interval  it  is  legitimate  to  regard  H  constant,  and  it  is 
possible  to  determine  its  approximate  value  from  the  curves  obtained 
by  experiment.  The  determination  is  the  more  accurate  the  smaller 
the  difference  of  temperature  between  surface  and  center.  In  this  case 
the  conception  of  steady  flow  may  be  maintained,  which  would  be  ex- 
pressed by  the  fact  that  the  temperature-time-space  equation  may  be 
reduced  to  the  first  member  of  the  series. 

For  the  cylinder  (Equation  17) 

(59)  ^  =  aibiMp\i)  cos  (0pi)^-«^^»*+^*^ 

(60)  Set  a^iW  +  Pi^)  =  m. 

Take  the  logarithm  of  both  members  of  the  equation  (59) 
logio  u  =  logio  {aibiJo{p\i)  cos  (zpi))  —  mt  logio  e. 

This  equation  appears  as  a  straight  line  on  semi-logarithmic  paper, 
—  mt  being  the  slope  of  the  line.  By  drawing  tangents  to  the  experi- 
mental cooling  curve,  it  is  possible  to  determine  the  instantaneous  values 
of  m.  Thus  equations  (15),  (16)  and  (60)  contain  three  unknown  quanti- 
ties Xi,  p\  and  A,  which  may  be  determined.    H  =  Kh  by  definition. 

The  surface  temperature  which  corresponds  to  the  instantaneous  value 
of  H,  at  a  given  center  temperature,  may  be  determined  from  equation 

(59)  -•  =  -^^  =  /o(i?xo. 

Uc  Jo{0) 

The  value  of  H  has  been  derived  from  three  of  the  experimental  curves 
shown  in  Fig.  7. 

Curves  No.  i  and  No.  3  refer  to  0.8  cm.  dia.  X  2.4  cm.  long  and  2  cm.  X  6 
cm.  silver  cylinders  respectively.  Curve  No.  5  shows  cooling  of  a 
0.64  X  5  cm.  cylinder  consisting  of  95  per  cent.  N ;  and  5  per  cent.  Si. 
The  good  heat  conductivity  of  the  former  and  the  small  diameter  of  the 
latter  specimen  may  justify  the  assumption  of  "steady  flow,*'  when 
determining  H,  The  greatest  temperature  drops  between  center  and 
surface  are:  8  per  cent.,  24  per  cent.,  and  10  per  cent,  respectively, 
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In  Fig.  8  values  of  H  are  plotted  against  the  surface  temperature  on 
semi-logarithmic  paper.  From  this  it  appears  that  at  higher  tempera- 
tures H  is  an  exponential  function  of  the  temperature,  thus  it  is  far  from 
being  constant.  This  is  also  borne  out  by  a  preliminary  experiment 
made  on  electrically  heated  wire  submerged  in  petroleum. 

The  absolute  size  of  the  specimen  also  seems  to  have  an  influence  on  the 
magnitude  of  H,    The  smaller  the  specimen,  the  smaller  H  seems  to  be. 
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Comparison  of  the  experimental  curves  with  solutions  obtained  in 
Article  3a  and  36  bears  out  the  fact  that  Hypothesis  3a  is  untenable 
after  the  first  stage  of  quenching.  It  results  in  a  too  slow  cooling  as 
compared  with  experiment.  The  fact  that  the  experimental  curves  are 
not  straight  lines  as  shown  in  the  articles  by  Portevin,  Honda  and  Pilling, 
is  a  proof  that  neither  is  Hypothesis  36  valid.  This  may  be  explained  by 
the  fact  that  the  thickness  of  the  steam  film  grows  rapidly  (Fig.  9), 
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becomes  unstable  and  bubbling  sets  in,  which  renders  a  mathematical 
treatment  difficult.  That  bubbling  sets  in  is  also  indicated  by  the  vibra- 
tion, which  is  transmitted  by  the  liquid  to  the  surface  of  the  tank,  where 
it  may  be  felt. 

Conclusions. 

1.  It  has  been  shown  that  it  is  possible  to  calculate  the  temperature 
in  the  vicinity  of  the  center  but  not  at  the  surface  of  a  regularly  shaped 
body,  provided  the  body  is  large,  or  it  is  a  poor  conductor  of  heat.  In 
such  cases  the  substitution  of  water  in  place  of  oil  does  not  improve  the 
quenching  speed  at  the  center. 

2.  An  increase  of  quenching  temperature  results  in  increased  quenching 
speed  at  a  given  lower  temperature.  This  is  important  in  the  practice  of 
hardening  of  steel.  It  is  impossible  to  obtain  good  hardness  if  the 
specimen  is  quenched  at  a  temperature  just  above  the  critical. 

3.  Newton's  cooling  law  may  also  be  interpreted  as  a  constant  surface 
resistance  (scale)  obstructing  emission  of  heat. 

4.  A  very  rapid  cooling  of  the  surface  to  low  temperatures  in  quenching 
media  similar  to  water,  with  immediate  reheating  due  to  formation  of  a 
steam  jacket,  is  not  possible.  The  surface  temperature  drops  instan- 
taneously by  an  insignificant  amount,  which  is  followed  by  a  gradual  drop. 

5.  Assuming  a  constant  rate  of  heat  emission,  which  is  suddenly 
stopped,  a  reheating  of  the  surface  is  possible.  The  amount  of  reheating 
is  the  greater  the  swifter  the  drop  preceding  the  arrest  of  flow.  Reheating 
cannot  occur  at  the  vicinity  of  the  center. 

6.  The  specific  surface  emission  is  not  proportional  to  the  surface 
temperature,  but  Newton's  ''constant"  increases  exponentially  with  the 
temperature.  It  seems  also  to  depend  on  the  absolute  size  of  the 
quenched  object,  smaller  sizes  having  smaller  specific  emission.  This 
would  point  to  a  difficulty  in  obtaining  very  great  quenching  speeds  by 
trying  to  reduce  the  diameter  of  the  quenched  specimen. 

In  conclusion,  I  wish  to  acknowledge  my  appreciation  to  S  K  F 
Research  Laboratory  and  particularly  to  Dr.  Styri,  for  originally  sug- 
gesting this  work,  and  to  S  K  F  Industries,  Inc.,  New  York,  for  granting 
the  opportunity  to  complete  this  investigation. 

I  am  also  indebted  to  the  following  members  of  the  S  K  F  Laboratory 
for  their  valuable  assistance  in  preparing  this  paper:  Messrs.  H.  Sjdvall, 
W.  F.  Titus,  and  H.  O.  Walp. 
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THE    STRESS-ENERGY    TENSOR    IN    ELECTROMAGNETIC 
THEORY  AND  A  NEW  LAW  OF  FORCE. 

By  H.  Batbman. 
Synopsis. 

Modified  EUctromagneiic  Theory, — By  suitably  modifying  the  equations  for  the 
components  of  the  stress-energy  tensor  it  is  possible  to  reconcile  electromagnetic 
theory  with  the  idea  of  non-radiating  electronic  orbits.  The  change,  however,  is 
equivalent  to  assuming  that  an  element  of  electricity  is  acted  upon  by  a  new  force 
which  depends  on  the  gradient  of  the  density  of  electricity  and  balances  the  usual 
electromagnetic  force.  By  assuming  a  certain  distrihtUion  of  density  within  an 
electron  it  is  also  possible  to  account  for  the  existence  of  discrete  electronic  charges. 

I.  The  Stress-energy  Tensor. — ^We  shall  assume  that  the  stress-energy 
tensor  associated  with  a  system  of  electric  charges  has  the  following 
components: 

5.  =x  c[EyH,  -  EJIy]  -2i^p^.        etc.; 

dxdt 

""^a^+iaij  ^\Ty)  +UJ  -^^U;  ' 

y,  =  Jf,  =  E^y  +  HJIy  -  2^^  ,        etc. 

dxdy 

The  quantity  W  represents  the  density  of  energy,  the  vector  5  specifies 
the  flow  of  energy  and  is  proportional  to  the  density  of  momentum; 
the  six  quantities  X,,  Yy,  Z„  F„  Zx,  Xy  are  the  components  of  stress; 
V  is  the  velocity  of  electricity  at  a  point  (f ,  17,  f)  where  the  density  of 
electricity  at  time  r  is  p;  E  and  H  are  the  field  vectors  in  the  electro- 
magnetic field  produced  by  the  electric  charges  and  ^  is  a  retarded 
px)tential  defined  by  the  equations 


r*  =  (x  -  {)*  +  (y  -  17)^  +  (2  -  f  )*  =  cHt  -  r)\         T  <  /, 
c  being  the.velocity  of  light. 
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The  components  of  the  total  force  F  are  given  by  the  three  equations 
of  type 


dx        dy        dz        c^  dt 


and  we  find  that 


The  energy  equation 


es^  +  ej,    as,    dw^_ 

dx       dy       dz        at  ^      ' 


requires  that 


where 


di       bt  dx  dy  dz 

It  seems  reasonable  to  adopt  the  hypothesis  that  F  is  everywhere  zero. 
2.  The  Existence  of  Discrete  Charges, — When  all  the  electric  charges 
are  stationary  ^  becomes  the  electrostatic  potential  and 

F»  =  -  P— +  2^—  • 
dx  dx 

consequently  F  vanishes  everywhere  if 

d^  dp 

p—  =  2^—, 

dx  dx 

di/       ^,dp 

p        =  2^—, 

dy  dy 


and  this  means  that 


d^  dp 


where  6*  is  a  constant.     The  function  ^  then  satisfies  the  partial  differ- 
ential equation 

dx?     df     d^      b   ^ 
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Let  US  consider  the  case  in  which  p  is  a  function  of  the  radius  r  from  a 
point  o  and  differs  from  zero  only  within  a  sphere  of  radius  a.  Assuming 
that 

we  find  that 

consequently 

i.[A.  +  A,[^'+A.[iy+..]' 

Equating  coefficients  we  find  that 

^^r  _j 1^ i_j1 L    ^  _  31    r* 

^L         i2A(fi^      720i4o'fc*      100^ 


12  AJ)^      720  Ao^b*      10080  i4oW      6 !  7 !  Ao^b^ 

(970(24)    r^» 


]• 


(6!)(ii!)^o'6«' 

•'^'^  2*^48*^^4320*  ^80640*  ^(io)(6!)(7!)* 

(970(24) 
+  (6!)  (12!)^"^       • 

The  equation /($)  =  o  has  two  roots,  one  of  which  is  approximately  2  -2 ; 
the  second  is  difficult  to  determine  accurately  as  it  is  necessary  to  con- 
sider a  large  number  of  terms  of  the  series;  it  appears  to  lie  between  12 
and  6  and  is  probably  about  11. 

When  a  and  the  total  charge  e  are  given,  Aq  and  b  are  determined,  but 
there  are  two  possible  solutions  and  so  there  are  two  different  types  of 
discrete  charge.^  The  present  analysis  does  not,  however,  indicate  the 
size  of  the  electron. 

>  It  is  interesting  to  compare  the  solution  of  the  equation  ^  »  &V  with  that  of  the  simpler 
equation  ^  »  &V>  which  would  also  lead  to  discrete  charges.     In  the  latter  case  we  may  have 

the  radius  of  the  sphere  being  determined  by  the  equation  a  »  bx(n  +  §),  where  n  is  an 
integer.     We  have  in  fact 

^  -  X'prir +ij^ prMr  .  iX" sin  (^)  *+ ^J7 sin  (-;)  rrfr  -  isin  (^)  . 

The  total  electric  charge  is  then 

^  -  yj"  f^*^^  =  sin  (»  +  i)x  «  (-  i)» 
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3  The  Radiation  of  Energy  from  a  Moving  Electric  Pole. — In  the  case 
of  a  moving  point  charge  of  electricity  we  must  put 

^  =  -  -^  V^:r-{'2^r7^  --72  =  .  _!^  V^^r^^, 

where  $(r),  17(7),  f(r)  are  the  coordinates  of  the  charge  e  at  time  r  and 
M  is  defined  as  a  function  of  x,  y,  z,  t  by  the  equations 

M^[x-  f(r)]{'(r)  +  b  -  ri{T)]n\T)  +  [s  -  r(r)]r'(r)  -  c^/  -  r) 

[x  -  f (r)P  +  b  -  i7(r)P  +  [«  -  r(r)P  =  <?{t  -  r)« 

r  <  /. 

Calculating  5,  and  retaining  only  terms  of  order  i/M*  we  have 


[{."-^wl-C^-r-jg} 


where 

ii:  =  (^  -  f)f"  +  (j'  -  riwr+  {z  -  r)r, 

L  =  (x  -  m'"  +  iy-  vW"  +  {z-  f)r". 

To  calculate  the  radiation  we  must  first  of  all  replace  (x  —  f)  in  Sg  by 
c(t  —  r)  to  get  the  radial  component  of  5.  We  must  next  multiply  by  a 
Dopplef  factor  and  this^  is  equivalent  to  replacing  (x  —  f )  in  5,  by 
—  M/c.  The  final  step  is  to  integrate  over  a  large  sphere  whose  center 
is  at  the  pole.    Writing 


X'cos^  e  sin  ede 
(c  —  V  cos  ey 


we  have 


TO    ^  2g  /l=_^ 

'  (C^  -  i;2)2  '  *  3(^2  _  t;2)3  ' 

'         (c*  -  t;*)*  '  '         3(c«  -  v^y  ' 

and  there  is  a  different  type  of  discrete  charge  for  each  positive  integral  value  of  n.  In  this 
case  p  is  determined  by  a  homogeneous  linear  integral  equation  while  in  the  other  case  the 
integral  equation  is  not  linear.  The  equation  ^  »  &V>  is  used  by  A.  Kom  in  his  mechanical 
theory  of  the  electromagnetic  field.  Phys.  Zeitschr.,  Bd.  19  (1918),  p.  234.  Another  dis- 
tribution of  density  is  considered  by  G.  Mie,  Ann.  d.  Phys.,  Bd.  39  (1912).  p.  i. 

» Cf.  M.  Abraham.  Theorie  der  Elektrizit&t,  Bd.  II.,  p.  108.    A  Li^nard.  L'4clairage 
^lectrique  (1898). 
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and  we  find  that  the  rate  of  radiation  is 


6tc» 


In  a  periodic  motion  the  integral 

fRdr 

taken  over  a  complete  period  is  zero  and  so  there  is  no  radiation  of  energy 
to  infinity  on  the  average. 

It  may  be  remarked  that  there  is  no  radiation  of  energy  to  infinity 
when  the  components  of  the  stress-energy  tensor  are  given  by^ 

•5.  =  -  2  ^^  -  c(£^.  -  E.Hy), 

-  i  (£,*  -  £,*  -  £.*)  -  \  {H*  -  H*  -  H*), 

2  2 

dxdy 
but  in  this  case  the  force  is 


and  cannot  be  made  to  vanish  at  each  point. 

The  present  analysis  does  not  lead  to  quantum  theory  because  the 
electron  has  been  treated  as  a  point  charge.  It  looks  as  if  certain 
conditions  may  have  to  be  satisfied  in  order  that  F  may  vanish  every- 
where when  an  electron  of  finite  size  describes  an  orbit  round  a  positive 
nucleus.  A  discussion  of  this  problem  with  the  aid  of  the  equations  of 
§  I  looks  difficult  and  will  not  be  attempted  here. 

CaUFORNIA  iNSTITUTE  OF   TECHNOLOGY.    PaSADENA. 

April  10.  1922. 
>  The  expressions  depending  on  ^  are  similar  to  thoae  used  by  Volterra,  Abraham  and 
McLaren  in  the  theory  of  gravitation.     V.  Volterra,  II  Nuovo  Cimento  (1899).  p.  337;  M. 
Abraham.  Phys  Zeitschr.  (1912).  p.  i;  S.  B.  McLaren.  Phil.  Mag..  Oct..  1913.  P-  636. 
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Note,  added  June  9,  1922. 

It  may  be  shown  also  that,  when  a  point  charge  of  electricity  moves 
with  an  arbitrary  velocity  less  than  c,  the  rate  at  which  linear  momentum 
is  radiated  to  infinity  is  the  time  derivative  of  a  uniform  function  of  the 
velocity  and  acceleration  of  the  point  charge.  There  is  no  radiation  of 
momentum  in  a  certain  interval  of  time  if  the  velocity  and  acceleration 
have  the  same  values  at  the  beginning  and  end  of  the  interval. 

With  the  new  stress-energy  tensor  there  appears  also  to  be  no  radiation 
to  infinity  of  angular  momentum  in  the  field  of  a  Hertzian  dipole. 

Negative  values  of  W  may  be  avoided  by  introducing  an  additional 
stress-energy  tensor  corresponding  to  a  universal  constant  negative  pres- 
sure. 
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THE    VARIATION    OF    THE    INDEX    OF    REFRACTION    OF 

WATER,  ETHYL  ALCOHOL,  AND  CARBON  BISULPHIDE, 

WITH  THE  TEMPERATURE. 

By  Elmbr  E.  Hall  and  Arthur  R.  Paynb. 

Synopsis. 

Index  of  Refraction  of  Pure  Water  for  Sodium  Light  from  jj®  to  100^  C. — Very 
few  observations  had  previously  been  made  for  temperatures  above  50®  C.  A 
precision  spectrometer  was  used.  The  brass  prism  with  optical  glass  windows 
was  gold  plated  inside  to  prevent  contamination  of  the  pure  gas-free  water  tested, 
and  means  were  provided  for  keeping  the  temperature  within  o.i^  C.  Many 
readings  were  taken  and  the  average  values  are  probably  accurate  to  within  about 
0.00002.  When  reduced  to  vacuum^  they  are  well  represented  by  the  empirical 
formula:  n  »  1.33401  —  io~'(66/  -|-  26.2/'  —  0.1817I*  +  0.0007551*).  The  tempera- 
ture coejfficient  dnfdt  changes  from  —  8(10)  ~»  at  15*  to  —  30(10) -»  at  loo*. 

Index  of  Refraction  of  Commercially  Pure  Ethyl  Alcohol  and  Carbon  Bisulphide 
for  Sodium  Light  from  13**  up  to  the  Boiling  Points. — ^While  Kahlbaum's  ethyl 
alcohol.  99.8  per  cent,  absolute,  and  Baker's  C.P.  CSt  were  used,  the  absolute 
values  obtained  differ  somewhat  from  those  given  by  others  for  pure  samples. 
Nevertheless  the  temperature  coefficients  are  probably  not  affected  by  the  slight 
amount  of  impurity  present  and  are  of  interest  because  very  few  results  are  available 
for  liquids  at  temperatures  above  40*  C.  The  results  correspond  to  the  empirical 
equations:  dnldt{ethy\  alcohol.  15  to  70**)  -  —  io-*(404  -|-  o.44(/  —  15)  -|-  0.0075 
(/  -  I5)«l;    dnldtiCSt,  15  to  45^)  -  -  io-n766  -f  5.i2(/  -  15)  -  o.i05(/  -  I5)«J. 

Introduction. — Historically  the  study  of  the  change  in  the  index  of 
refraction  of  liquids  with  change  in  temperature  dates  from  the  work 
of  Jamin  in  1856.^  Most  of  the  investigations  made  have  been  at  tem- 
peratures not  differing  greatly  from  room  temperature.  In  the  case  of 
water  all  the  investigations,  with  two  exceptions,  are  within  the  tempera- 
ture range  of  0°  to  50°  C.  The  two  exceptions  mentioned  are  the  work 
of  Ruhlman*  and  Kettler,*  whose  investigations  included  temperatures 
in  the  range  50  to  100°  C.  A  partial  bibliography  for  the  three  liquids 
mentioned  in  the  title  may  be  found  in  Landolt-Bornstein  Tabellen. 
A  brief  incomplete  historical  summary  for  the  case  of  water  is  given  by 
Osborn.*  Osborn's  work  is  concerned  only  with  the  change  in  the  index 
of  refraction  of  water  with  the  temperature,  the  absolute  value  of  the 
index  not  being  determined.  For  the  range  1°  to  38°  C.  he  determined 
this  change  to  approximately  one  unit  in  the  seventh  decimal  place. 

>  Comptes  Rendus.  43.  npi.  1856. 
*Pogg.  Ann.,  132,  177,  1867. 
•Ann.  d.  Phys.,  33,  353  and  506.  1888. 
«  Phys.  Rev.,  2d  series,  i,  198,  1913. 
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This  work,  together  with  the  value  of  the  index  as  found  in  such  investiga- 
tions as  those  of  Walter,^  Gifford*  and  Baxter,  Burges^,  and  Daudt,' 
constitutes  a  very  complete  study  for  the  range  below  40°  C.  The  data 
for  the  range  above  40°  seem  to  be  somewhat  uncertain,  the  work  of 
Ruhlman  and  Kettler  not  being  always  in  good  agreement.  It  therefore 
seemed  justifiable  to  the  writers  to  study  anew  the  index  of  refraction 
of  water,  especially  in  the  region  between  40°  and  100°  but  making  a 
sufficient  number  of  determinations  below  40**  to  enable  a  comparison 
to  be  made  with  other  recent  determinations.  Determinations  of  the 
index  of  refraction  of  ethyl  alcohol  and  carbon  bisulphide  from  15**  C. 
to  their  boiling  points  are  also  included. 

Apparatus  and  Method, — ^After  preliminary  trials  of  different  methods, 
the  spectrometer  method  was  adopted.  There  was  available  a  new 
precision  spectrometer,  designed  by  one  of  the  writers,  and  built  in  the 
shop  of  the  department  of  physics.  The  weight  of  the  heavy  telescope, 
counterpoise,  and  table  was  supported  in  part  by  ball  bearings,  the 
design  thus  permitting  of  a  fairly  heavy  load  on  the  spectrometer  table. 
The  instrument  was  provided  with  all  needed  slow  motions,  clamping 
devices  and  adjustments.  The  ten-inch  circle,  divided  into  one  twelfth 
degrees,  was  cut  on  the  automatic  circular  dividing  engine  which  was 
also  built  in  the  shop  of  the  department  of  physics.*  By  the  use  of  two 
microscopes  with  travelling  eyepieces,  180°  apart,  the  scale  could  be 
read  to  one  half  seconds  if  desired.  The  circle  was  cut  soon  after  the 
calibration  of  the  dividing  engine,  and  the  engine  and  circle  showed 
errors  not  exceeding  eight  seconds.  It  was  found  that  errors  of  setting 
were  slightly  greater  than  errors  of  graduation.  With  the  first  prism 
described  below  readings  were  made  for  each  temperature  on  different 
parts  of  the  scale,  attempting  thereby  to  eliminate  errors  of  graduation 
by  using  different  parts  of  the  scale.  Errors  in  setting  were  cared  for 
by  taking  the  mean  of  a  large  number  of  settings.  With  the  second 
prism  described  below  a  calibrated  part  of  the  scale  was  used. 

Two  different  prisms  and  heating  devices  were  used.  In  the  first  of 
these,  used  for  water  only,  the  prism  had  a  refracting  angle  of  approxi- 
mately 75°.  It  was  constructed  of  heavy  brass,  with  optical  glass 
plates  clamped  on  the  sides.  These  plates  were  carefully  tested.  The 
faces  of  the  brass  prism  were  first  milled  as  true  as  possible  and  then 
ground  down  and  polished  with  abrasive  powder  and  rouge.  The  glass 
plates  were  placed  directly  against  the  polished  brass.     The  cubical 

»  Ann.  d.  Phys.,  46.  423.  1892. 
«  Roy.  Soc.  Proc.,  78,  406,  1906. 
*  Am.  Chem.  Soc.  Jr.,  33,  i,  893,  191 1. 
»  Phys.  Rev..  XXX..  492.  1910. 
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contents  of  the  prism  were  70  c.c.  The  water  was  kept  well  stirred  by 
an  electrically  driven  stirrer.  The  stirrer  and  the  interior  of  the  brass 
prism  were  heavily  gold  plated.  It  was  found  that  enough  brass  would 
dissolve  in  the  water  in  the  course  of  a  few  hours  to  change  the  index  of 
refraction  by  approximately  two  units  in  the  fourth  decimal  place. 
The  prism  was  placed  inside  a  double- walled,  jacketed  and  well-insulated, 
electrical  heating  device.  This  jacketed  heater,  which  measured  17  cm. 
in  diameter  by  12  cm.  high,  was  placed  on  the  spectrometer  table  from 
which  it  was  well  insulated.  The  jacket  was  provided  with  sliding" 
shutters  over  the  windows  of  the  prism,  these  shutters  being  kept  closed 
except  when  a  reading  was  being  made.  It  was  found  that  the  tempera- 
ture could  be  brought  readily  to  any  desired  point  and  held  there 
ndefinitely  to  within  one  tenth  of  a  degree.  The  temperature  was 
measured  with  a  calibrated  Baudin  mercury  thermometer  placed  close 
to  the  line  of  vision.  As  a  check,  and  also  to  determine  the  uniformity 
of  the  temperature  distribution  within  the  water,  two  thermocouples 
were  inserted,  the  galvanometer  used  being  sensitive  enough  to  detect 
changes  of  0.1°. 

In  the  second  form  of  apparatus  the  prism,  again  of  brass,  gold  plated, 
with  optical  glass  sides,  had  an  angle  of  approximately  60°  and  was 
surrounded,  except  over  the  windows,  by  an  oil-bath  heater.  The  oil 
was  heated  electrically  in  a  forty-gallon  tank  and  by  a  rotary  pump  made 
to  circulate  vigorously  about  the  prism.  The  heaters  within  the  tank 
were  operated  by  a  thermostat  and  the  temperature  control  rendered 
automatic.  The  main  advantage  in  this  form  of  heater  was' in  the  time 
saved  through  the  automatic  control.  The  temperature  remained  con- 
stant to  within  one  twentieth  of  a  degree  during  the  time  of  making  a 
set  of  readings  at  any  temperature.  In  this  case  the  thermometer  was 
nearly  totally  immersed,  thus  obviating  the  necessity  of  stem  corrections. 
The  cubical  contents  of  this  prism  were  about  1500  c.c.  The  prism 
angle  was  of  course  redetermined  for  each  prism  every  time  the  prism 
was  cleaned,  and  the  value  checked  to  be  sure  that  it  did  not  change  with 
change  in  temperature  during  a  set  of  measurements. 

Purity  of  the  Water. — ^Since  very  small  amounts  of  impurities  were  found 
materially  to  change  the  index  of  refraction  special  care  was  taken  to 
obtain  chemically  pure  water.  This  was  furnished  by  the  chemistry 
department  and  was  redistilled  in  block  tin  and  condensed  directly  into 
"Resistenz"  bottles.  In  this  way  it  was  kept  practically  free  from  gases 
and  no  impurities  could  be  detected.  The  conductivity  was  not  taken. 
The  usual  method  of  heating  to  the  boiling  point  was  used  to  keep  the 
liquid  gas-free  during  a  set  of  readings.     After  gold  plating  the  interior 
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of  the  prism  contamination  during  use  was  practically  eliminated.  At  a 
given  temperature  the  water  was  often  poured  out,  the  prism  washed 
and  refilled  and  brought  to  the  temperature  under  investigation  with 
no  change  in  the  results. 

Accuracy. — ^The  index  was  calculated  from  the  conunon  minimum 
deviation  formula.  In  determining  the  angle  of  minimum  deviation  the 
double  angle  was  usually  measured,  that  is,  the  prism  was  reversed  and 
readings  to  the  right  and  left  of  the  zero  setting  taken.  Six  or  seven 
readings  were  taken  for  each  setting  and  with  the  first  type  of  prism  used 
these  were  repeated  for  different  parts  of  the  scale  with  the  water  held 
at  a  particular  temperature.  Readings  taken  throughout  the  tempera- 
ture range  were  repeated  during  a  period  of  several  months  and  hence 
the  values  given  represent  the  mean  of  a  large  number  of  readings.  In 
determining  the  angle  of  the  prism  and  the  angle  of  minimum  deviation 
the  individual  readings  rarely  differed  from  the  mean  by  more  than  ten 
seconds  and  in  most  cases  by  much  less  than  this  amount.  An  error  of 
ten  seconds  in  the  angle  of  minimum  deviation  introduced  an  error  of 
approximately  3  units  in  the  fifth  decimal  place  with  the  75**  prism  and 
4  units  in  the  fifth  place  with  the  60**  prism.  An  error  of  ten  seconds  in 
determining  the  angle  of  the  prism  introduced  an  error  of  approximately 
2  units  in  the  fifth  place.  It  is  believed  that  the  final  values  for  water 
relative  to  air  given  in  Table  II.  are  correct  to  within  2  units  in  the  fifth 
place  throughout  the  lower  temperature  range  and  to  within  3  units  in 
the  fifth  place  for  the  higher  temperature  range.  In  Table  IV.  the  values 
are  reduced*to  the  absolute  index  of  refraction  in  order  to  compare  them 
with  the  results  of  Kettlef.  In  reducing  the  values  observed  in  air  to 
absolute  values  the  question  of  distribution  of  the  temperature  gradient 
in  the  air  outside  the  prism  enters.  Baxter,  Burgess,  and  Daudt,^  and 
others,  have  multiplied  the  value  obtained  in  air  by  the  index  of  refraction 
of  air  at  the  temperature  of  the  water.  Where  the  prism  method  is  used 
this  virtually  assumes  that  the  surfaces  of  equal  temperature  in  the  air 
outside  the  prism  are  normal  to  the  direction  of  the  incident  and  the 
emergent  light.  It  is  believed  by  the  writers  that  with  the  prism  used 
by  them  the  more  reasonable  assumption  is  that  the  surfaces  of  equal 
temperature  outside  the  prism  are  parallel  to  the  faces  of  the  prism,  in 
which  case  it  is  the  index  of  refraction  of  the  air  at  room  temperature 
which  enters,  irrespective  of  the  temperature  of  the  water  in  the  prism. 
Hence  in  reducing  the  values  to  the  absolute  index  the  value  obtained  in 
air  was,  in  each  case,  multiplied  by  1.000272,  the  index  of  refraction  of 
air  at  20**  C,  which  was  approximately  the  room  temperature  throughout 

*Loc.  cit. 


Digitized  by 


Google 


Vol.  XX.1 
No.  3.       J 


VARIATION  OF  INDEX  OP  REFRACTION, 


253 


the  investigation.  At  the  highest  temperature  used  the  difference  in  the 
absolute  index  obtained  by  using  the  index  of  air  at  the  room  temperature 
and  by  using  the  index  of  air  at  the  temperature  of  the  water  amounts  to 
8  units  in  the  fifth  place.  Close  to  the  prism  faces  the  assumption  made 
by  the  writers  is  doubtless  nearest  the  truth;  as  one  recedes  from  the 
prism  faces,  especially  beyond  the  insulating  jacket,  the  first  assumption 
named  more  nearly  represents  the  truth.  The  correct  value  therefore 
lies  somewhere  between  the  two.  Of  the  two  assumptions,  if  the  one 
made  by  the  writers  be  given  the  greater  weight,  then  the  error  introduced 
by  the  uncertainty  of  the  distribution  of  the  temperature  gradient  in  the 
air  outside  the  prism  cannot  exceed  4  units  in  the  fifth  place  at  the  highest 
temperature  used.  Hence  the  values  of  the  index  of  refraction  of  water 
relative  to  vacuum  are  believed  to  be  correct  to  within  2  units  in  the 
fifth  place  at  approximately  room  temperatures,  the  possible  error  in- 
creasing with  rise  of  temperature  to  perhaps  three  times  this  value  at 
100**.  Changes  in  the  index  of  refraction  of  air  due  to  barometric 
changes  affected  the  results  by  less  than  one  unit  in  the  fifth  decimal 
place  and  were  disregarded. 

Results  for  Water, — In  computing  the  observations  for  water  where 
the  actual  temperatures  differed  by  only  a  few  tenths  of  a  degree  from 
integral  values,  the  results  were  reduced  to  those  for  integral  tempera- 
tures by  interpolation.  With  this  modification  Table  I.  gives  the  experi- 
mental values  obtained  for  the  index  of  refraction  of  pure  water  relative 
to  air  for  sodium  light. 

Table  I. 

The  Index  of  Refraction  of  Pure,  Gas-free  Water,  Relative  to  Air,  for  Sodium  Light, 


Ttmpen- 
ture. 

IndM. 

Tempera- 
ture. 

Index. 

Tempera- 
ture. 

Index. 

Tempera- 
tnra. 

Index. 

la^'c... 

1.33333 

30*^  C.  .  . 

1.33190 

60°  C.  . . 

1.32716 

85**  C.  . . 

1.32172 

17 

1.33325 

40 

1.33049 

62 

1.32678 

87 

1.32123 

18 

1.33317 

44 

1.32992 

65 

1.32616 

90 

1.32042 

19 

1.33308 

48 

1.32928 

70 

1.32510 

93 

1.31973 

20 

1.33298 

50 

1.32894 

73 

1.32444 

95 

1.31922 

22 

1.33284 

52 

1.32858 

77 

1.32354 

97 

1.31878 

24 

1.33262 

55 

1.32807 

80 

1.32284 

98.4.... 

1.31828 

26 

1.33241 

56 

1.32799 

81 

1.32259 

28 

1.33220 

58 

1.32758 

82.5.... 

1.32218 

A  large  scale  plot  was  made  of  the  above  values  from  which  the  values 
given  in  Tables  II.  and  III.  are  taken. 

In  Tables  III.  and  IV.  the  writers'  values  are  compared  with  those  of 
other  observers.    Table  IV.  is  obtained  from  Table  II.  by  multiplying 


Digitized  by 


Google 


254 


ELMER  E.  HALL  AND  ARTHUR  R,   PAYNE. 


[  Second 
Sbrus. 


Table  II. 

The  Index  of  Refraction  of  Pure  Water,  Relative  to  Air,  for  Sodium  Light,  obtained  by  Plotting 
•     the  Results  Given  in  Table  I. 


Tempen- 
ture. 

Index. 

Tempera- 
tnre. 

Index. 

Tempera- 
ture. 

Index. 

Tempera- 
ture. 

Index. 

15^C.... 

1.33341 

38**  C.  .  . 

1.33079 

62**  C.  . . 

1.32678 

86°  C.  . 

1.32148 

16 

1.33333 

40 

1.33051 

64 

1.32636 

88 

1.32100 

18 

1.33317 

42 

1.33023 

66 

1.32596 

90 

1.32050 

20 

1.33299 

44 

1.32992 

68 

1.32555 

92 

1.32000 

22...... 

1.33281 

46 

1.32959 

70 

1.32511 

94 

1.31949 

24 

1.33262 

48 

1.32927 

72 

1.32466 

96..... 

1.31897 

26 

1.33241 

50 

1.32894 

74 

1.32421 

98 

1.31842 

28 

1.33219 

52 

1.32860 

76 

1.32376 

99 

1.31813 

30 

1.33192 

54 

1.32827 

78 

1.32332 

100 

1.31783 

32 

1.33164 

56 

1.32792 

80. . . . , . 

1.32287 

34 

1.33136 

58 

1.32755 

82 

1.32241 

• 

36 

1.33107 

60 

1.32718 

84 

1.32195 

by  1.000272,  the  refractive  index  of  air.     A  column  giving  the  variation 
of  the  index  of  refraction  with  the  temperature  is  included  in  Table  IV. 

Table  III. 

Index  of  Refraction  of  Water,  Relative  to  Air,  Sodium  Light. 


Temperature. 

Hmll-Pxyne. 

Walter. 

Baxter-BurgeM- 
Daudt. 

Gifford. 

15*'C 

1.33341 
1.33333 
1.33316 
1.33299 
1.33281 
1.33262 
1.33251 
1.33241 
1.33219 
1.33192 

1.33339 
1.33331 
1.33316 
1.33299 
1.33281 
1.33261 
1.33251 
1.33240 
1.33218 
1.33194 

1.33299 
1.33248 
1.33190 

1.33343 

16 

18 

20 

22 

24 

25 

26 

28 

30 

Table  IV. 

Absolute  Index  of  Refraction  of  Water,  Sodium  Light. 


Temp. 


Kettler. 


HaU- 
Payne. 


dnldt. 


Temp. 


Kettler. 


HaU- 
Payne. 


dn/dt. 


15**  C... 

1.33365 

1.33377 

-0.00008 

60**  C.  . 

1.32753 

'  1.32754 

-  .00019 

20 

1.33327 

1.33335 

-  .00009 

65 

1.32655 

1.32652 

-  .00020 

25 

1.33281 

1.33287 

-  .00011 

*  70 

1.32551 

1.32547 

-0.00021 

30...... 

1.33226 

1.33228 

-  .00013 

75 

1.32442 

1.32434 

-0.00022 

35 

1.33164 

1.33157 

-  .00014 

80 

1.32330 

1.32323 

-0.00023 

40 

1.33093 

1.33087 

-  .00015 

85 

1.32215 

1.32208 

-0.00024 

45 

1.33017 

1.33011 

-  .00016 

90 

1.32096 

1.32086 

-0.00025 

50 

1.32934 

1.32930 

-  .00017 

95 

1.31971 

1.31959 

-0.00026 

55  

1.32847 

1.32846 

-  .00018 

100 

1.31843 

1.31819 

-0.00030 
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Kettler  made  observations  for  sodium  light  at  nine  different  tempera- 
tures ranging  from  20.9°  to  95.17®  C.  inclusive.  From  these  nine  observa- 
tions by  extrapolation  and  interpolation  he  gives  a  table  of  values  from 
—  10**  to  200°  C-,  from  which  table  the  values  given  above  are  taken. 
We  now  know  that  extrapolation  from  .the  range  he  used  to  the  zero 
point  is  not  justifiable  owing  to  the  rapidly  decreasing  numerical  value 
of  dn/(U  as  the  freezing  point  is  approached.  Extrapolation  is  also  not 
justifiable  near  the  boiling  point  because  of  the  rapidly  increasing 
numerical  value  of  dn/dt.  This  rapid  increase  in  the  numerical  value 
of  dn/dt  as  the  boiling  point  is  approached  is  probably  due  to  the  increasing 
quantities  of  water  vapor  in  the  water. 

Empirical  Formulds, — Numerous  empirical  formulas  have  been  pro- 
posed connecting  the  index  of  refraction  of  water  with  the  temperature. 
Dufet  ^  proposes 

»  =  no  —  10-^(125,5/  +  20.642/*  —  0.00435/*  —  aooii5/^)^ 

where  n  represents  the  refractive  index  at  the  temperature  /**  C,  and 
«o  the  refractive  index  at  o**  C.  This  formula  was  arrived  at  by  setting 
up  an  empirical  equation  for  dn/dt,  from  the  best  data  available  at  that 
time  in  the  range  below  50°,  and  integrating.  As  tested  by  the  writers 
the  equation  is  not  applicable  to  temperatures  above  50**  C.  Walter's 
formula,  ^ 

n  =  no  —  io-*(i2/  +  2.05/*  —  0.005/*), 

a  modification  of  Dufet's  formula,  holds  well  over  the  range  studied  by 
Walter,  that  is,  from  0°  to  30®  C.  It  does  not  hold  for  higher  ranges. 
Owing  to  the  relatively  low  values  of  dn/dt  near  the  freezing  point  and 
the  relatively  high  values  near  the  boiling  point  a  single  simple  equation 
covering  the  entire  range  from  o®  to  100**  cannot  be  expected  to  have  a 
high  accuracy  over  the  entire  range.     The  writers  propose 

«  =  I-3340I  —  10-^(66/  +  26.2/*  —  0.1817/'  +  0.000755/^). 

Walter's  value  for  no,  viz.,  i. 33401,  is  used.  This  equation  was  obtained 
by  substituting  in  the  general  form,  no  —  n  =  at  +  bi^  +  ct^  +  dt*,  the 
values  of  n  and  /  for  four  different  temperatures  and  solving  the  four 
simultaneous  equations  for  a,  6,  c,  and  d.  This  was  done  for  four  sets  of 
equations,  using  different  temperatures  in  the  different  sets  and  taking  a 
mean  of  the  values  thus  obtained.  Some  slight  adjustments  were  then 
made  by  inspection  and  trial.     The  equation  was  tested  at  every  five- 

>  Jour,  de  Physique,  4.  389.  1885. 
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degree  point  between  o**  and  ioo°,  and  the  maximum  error  was  found  to 
be  at  75**  where  the  deviation  from  the  observed  value  is  +  7  units  in 
the  fifth  decimal  place. 

Osborn  (loc.  cit.)  has  given  an  empirical  relation  for  the  value  of 
dn/dt  which  agrees  very  closely  with  experiment  for  the  range  o**  to  40**  C. 
It  is,  however,  not  applicable  above  50°  C. 

A  number  of  empirical  relations  connecting  the  refractive  index  of  a 
liquid  with  the  density  of  the  liquid  have  been  proposed.  Of  these  only 
two  will  be  mentioned.  Gladstone  and  Dale^  have  proposed  the  relation 
(»  —  i)/d  =  R,  where  n  is  the  index  of  refraction,  d  the  density,  and  R 
a  constant.     Lorenz*  proposed 


««  - 


n«+  I 


-  =  P,  a  constant. 
d 


Table  V.  gives  the  values  of  R  and  P  for  water,  the  densities  being  taken 
from  the  sixth  edition  of  the  Smithsonian  Tables. 


. 

Table  V. 

t. 

R. 

P. 

/. 

R. 

P. 

1. 

R. 

P. 

15". . . 
20. . . . 
30. . . . 
40. . . . 

0.33370 
.33357 
.33336 
.33309 

0.28030 
.28026 
.28023 
.28019 

5o^. 

60... 
70... 
80... 

0.33291 
.33276 
.33249 
.33221 

0.28030 
.28043 
.28051 
.28063 

90V 

95.. 

100.. 

0.33201 
.33187 
.33163 

0.28079 
.28087 
.28088 

Getman  and  Wilson*  give  a  few  values  between  15**  and  40**  C.  for  the 
refractive  index  and  for  R  for  water.  Their  values  for  the  range  studied 
are  higher  for  the  refractive  index  and  R,  and  lower  for  dn/dt  than  those 
obtained  by  other  observers,  including  the  writers. 

Ethyl  Alcohol  and  Carbon  Bisulphide. — ^A  large  number  of  determina- 
tions of  the  index  of  refraction  of  ethyl  alcohol  and  carbon  bisulphide 
have  been  made,  but  so  far  as  the  writers  are  aware  no  determinations 
have  been  made  in  the  temperature  ranges  approaching  the  boiling  points 
of  either  liquid.  In  connection  with  these  liquids  the  second  form  of 
prism  only,  with  automatic  temperature  control,  was  used.  The  same 
general  procedure  was  followed  and  the  same  degree  of  accuracy  reached 
as  in  the  case  of  water.  Here,  however,  the  materials  were  not  specially 
purified.  Kahlbaum  s  ethyl  alcohol,  99.8  per  cent,  absolute,  and  J.  T. 
Baker  and  Co.  s  carbon  bisulphide  were  used.  The  analysis  furnished 
by  the  makers  for  the  carbon  bisulphide  was  sp.  gr.  1.27,  N.V.M.  o.ooi 
per  cent.,  SO2,  HjS,  SOj  none. 

»  Phil.  Trans.,  1858,  p.  887. 
«  Wied.  Ann.,  ii,  77,  1880. 
*  Amer.  Chem.  Jr.,  40,  468,  1908. 
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Determinations  were  made  of  the  index  of  refraction  of  ethyl  alcohol 
for  fifty  different  temperatures  between  the  limits  of  15**  and  75**  C. 
These  represent  a  number  of  runs  each  taken  throughout  the  temperature 
range,  the  observations  extending  over  several  months.  The  values 
obtained  were  plotted  on  a  large  scale  from  which  plot  the  results  given 
in  Table  VI.  were  taken. 

Table  VI. 

Index  of  Refraction,  Relative  to  Air,  of  Kahlbaum's  Ethyl  Alcohol,  oq.8  Per  Cent.  Absolute,  for 

Sodium  Light. 


t. 

ft. 

/. 

n. 

/. 

n. 

/. 

fi. 

14°  C... 

1.36290 

30°  C... 

1.35639 

46" C.  . . 

1.34969 

62°  C.  . . 

1.34279 

16 

1  36210 

32 

1.35557 

48 

1.34885 

64 

1.34189 

18 

1.36129 

34 

1.35474 

50 

1.34800 

66 

1.34096 

20 

1.36048 

36 

1.35390 

52 

1.34715 

68 

1.34004 

22 

1.35967 

38 

1.35306 

54 

1.34629 

70 

1.33912 

24 

1.35885 

40 

1.35222 

56 

1.34543 

72 

1.33820 

26 

1.35803 

42 

1.35138 

58 

1.34456 

74 

1.33728 

28 

1.35721 

44 

1.35054 

60 

1.34368 

76 

1.33626 

Determinations  were  made  of  the  index  of  refraction  of  carbon  bi- 
sulphide at  forty-three  different  temperatures  between  the  limits  of 
^5-95**  and  44.7**  C.  These  determinations  represent  many  runs  taken 
throughout  the  temperature  range.  These  results  were  plotted  and 
Table  VII.  made. 

Table  VII. 

The  Index  of  Refraction  of  Carbon  Bisulphide,  Relative  to  Air,  for  Sodium  Light. 


L 

n. 

t. 

fi. 

1. 

n. 

/. 

n. 

15°  C... 

1.62935 

24°  C. . . 

1.62226 

34°  C.  . . 

1.61413 

44°  C.  . . 

1.60582 

16 

1.62858 

26 

1.62064 

36 

1.61247 

45 

1.60499 

18 

1.62704 

28 

1.61902 

38 

1.61080 

20 

1.62546 

30 

1.61740 

40 

1.60914 

22 

1.62387 

32 

1.61577 

42 

1.60748 

Table  VIII. 

Values  of  dnidtfor  Ethyl  Alcohol  and  Carbon  Bisulphide. 


Tempentur*. 

Bthyl  Alcohol. 

Carbon  Bimlphido. 

15°  C 

-0.00040 

-  .00041 

-  .00042 

-  .00042 

-  .00043 

-  .00045 

-  .00046 

-0.00077 

25 

-  .00081 

35 

-  .00082 

45 

-  .00083 

55 

65 

75 
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If  n  represents  the  index  of  refraction  at  any  temperature  /°  C,  and 
n'  the  index  of  refraction  at  15°  C,  then  as  an  empirical  equation  we  may 
write 

n  =  n'  -  io-«[a(/  -  15)  +  b(i  -  15)^  +  c{t  -  I5)»]. 

For  ethyl  alcohol  for  the  range  1 5**  to  70** «'  =  1.36250,0  =  404,  ft  =  0.22, 
c  =  0.0025. 

For  carbon  bisulphide  for  the  range  15**  to  45**  n'  =  1.62935,  a  =  766, 
ft  =  2.56,  c  =  -  0.035. 

Andrews^  has  made  determinations  on  the  index  of  refraction  of  ethyl 
alcohol,  giving  great  care  to  the  purity  of  the  alcohol.  His  value,  which 
he  believes  correct  to  one  unit  in  the  fifth  place,  at  25°  C,  for  sodium 
light  is  1.359408.  The  writers'  value  at  this  temperature  is  1.35844. 
The  writers  believe  this  difference  in  observed  value  of  the  index  is  due 
to  the  difference  in  purity.  For  carbon  bisulphide  at  20°  C.  and  for 
sodium  light  Landolt-Bornstein  Tabellen  give  1.62772  as  the  mean  of  the 
values  obtained  by  four  observers.  The  writers'  value  is  1.62546. 
Again  the  only  explanation  that  can  be  offered  is  the  difference  in  purity 
of  the  material.  While  slight  impurities  will  change  the  value  of  the 
index  of  refraction,  it  is  hardly  to  be  expected  that  they  would  produce 
a  large  change  in  the  value  of  dn/dt  and  it  is  the  change  in  the  refractive 
index  with  the  temperature,  rather  than  the  value  of  the  index  for  pure 
material  that  is  emphasized  in  the  case  of  alcohol  and  carbon  bisulphide. 
University  of  California, 
Department  of  Physics. 

>  Amer.  Chem.  Soc.  Jr.,  30.  353,  1908. 
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MEASUREMENT  OF  MERCURY  VAPOR  PRESSURE  BY 
MEANS  OF  THE  KNUDSEN  PRESSURE  GAUGE. 

By  Charlbs  F.  Hill. 

Synopsis. 
Vapor  Pressure  of  Mercury,  o  to  jf*  C. — The  disagreement  among  the  results 
obtained  by  previous  observers  Cor  this  range  of  temperature  suggested  the  need 
for  a  direct  determination  of  the  vapor  pressures  with  a  Knudsen  gauge.  Impurities 
were  eliminated  by  numerous  distillations  in  a  system  cut  ofT  from  the  pump  by  a 
liquid  air  trap,  and  the  slight  amount  of  residual  gas  was  corrected  for.  The  readings 
obtained  at  19  temperatures  lie  near  a  smooth  curve  which,  it  is  believed,  gives 
the  vapor  pressures  to  within  3  per  cent.  The  values  for  o,  10,  20,  and  30"  C.  are, 
respectively.  .000350.  .000775.  .00182  and  .00407  mm.  of  Hg.  considerably  higher 
than  those  obtained  by  Knudsen  in  1909.  but  agreeing  fairly  well  with  Morley's 
results  up  to  15®,  and  at  higher  temperatures  with  values  extrapolated  from  the 
results  of  Ramsey  and  Young. 

Historical. 

WHILE  engaged  in  experimental  work  in  the  spring  of  1920,  an 
accurate  knowledge  of  the  vapor  pressure  of  mercury  at  room 
temperature  became  of  importance.  On  looking  for  the  values  given  in 
tables  for  temperatures  below  40°  C.  very  little  agreement  among  the 
various  observers  was  found  as  may  be  seen  in  the  following  table. 

Table  I. 


T. 

^X-" 

%r 

Hertz 
i88a. 

Ramsey  and 
rotuiix886. 

Vander 
Plaat8x886. 

Morley 
1904. 

Knudsen 
1909. 

0^ 

.02 

.015 

.00019 

.00047 

.0004 

.000184 

10*' 

.0268 

.018 

.0005 

.0008 

.0008 

.0005 

20° 

.0372 

.021 

.0013 

.0013 

.0015 

.00188 

30^* 

.053 

.026 

.0029 

.003 

.00278 

40** 

.0767 

.033 

.0063 

.008 

.006 

.006 

50*' 

.112 

.042 

.013 

.015 

.011 

.0126 

60° 

.021 

70° 





.04 

In  1886  van  der  Plaats*  published  results  obtained  by  taking  a  large 
number  of  readings  between  o  and  20°  Centigrade.  Values  from  his 
mean  curve  are  usually  given  preference  in  tables.  The  method  wcs  to 
pass  dry  gas  through  water,  through  sulphuric  acid,  and  then  through 
mercury  until  saturated,  after  which  the  mercury  was  collected  by  gold 
and  pumice  stone  and  weighed.  The  vapor  pressure  was  calculated 
from  the  data  obtained  by  comparison  with  the  vapor  pressure  of  water. 

*  Rec.  Trans.  Chim..  5.  p.  49,  1886. 
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Van  der  Plaats'  readings  show  considerable  variation,  but  are  consistent 
enough  so  that  with  the  number  of  readings  taken  his  results  must  be 
given  considerable  weight.  The  method  would  not  be  expected  to  give 
values  too  high  since  his  chief  error  should  be  loss  of  evaporated  mercury. 
E.  W.  Morley^  in  1904  used  practically  the  same  method  as  van  der 
Plaats  except  that  the  evaporated  mercury  was  measured  by  weighing 
the  sample  before  and  after  evaporation.  Readings  were  taken  at  16, 
30,  40,  50,  60  and  70**  C,  and  Dalton's  equation 

P  ^ab' 

was  used  for  the  calculation  of  the  mean  curve  and  for  extrapolation  to 
o**  C.  Morley's  readings  at  40,  30  and  16**  C,  are  from  8  to  20  per  cent, 
below  his  mean  curve  but  at  the  higher  temperatures  his  values  agree 
with  those  given  by  others.  Vapor-pressure  curves  should  have  a 
decreasing  per  cent,  increase  as  the  temperature  increases.  Morley's 
curve  is  perfectly  uniform  if  the  slope  is  measured  in  this  way,  but  the 
error  in  the  readings  at  low  temperatures  could  easily  account  for  this 
fact.  While  Morley  can  not  claim  a  high  percentage  accuracy  his 
agreement  with  van  der  Plaats  at  low  temperatures,  and  with  the  other 
observers  at  higher  temperatures,  seems  to  indicate  that  the  order  of 
his  values  is  correct. 

The  last  data  of  importance  published  were  those  of  Knudsen*  in  1909. 
An  equation  was  developed  for  the  flow  of  gas  through  a  tube  with  a 
small  opening  over  one  end,  and  an  apparatus  based  on  this  equation 
was  arranged  so  that  the  vapor  pressure  of  mercury  could  be  measured. 
This  equation 

involves  the  pressure  difference,  the  resistance  of  tube 
and  opening,  the  density  of  the  gas  and  the  time.  G 
is  the  mass  of  the  gas  or  vapor  which  will  flow  through 
the  small  opening  in  an  evacuated  tube,  as  shown  in 
Fig.  I,  with  a  pressure  difference  p'  —  p".  In  prac- 
tice p"  was  made  zero  by  the  application  of  a  cold 
bath  to  B,  Knudsen's  results  obtained  by  this  method 
are  about  one  half  as  large  as  those  of  Morley,  and 
also  of  van  der  Plaats,  in  the  region  o  to  40**  C.  The 
fact  that  mercury  requires  an  appreciable  time  for 
evaporation  might  tend  to  produce  such  an  effect  since 
p'  at  the  opening  is  being  relieved  continuously. 


Xt 


p* 


Y. 


Fig.  1. 


^  Phil.  Mag..  Vol.  -,  p.  662,  1904. 

*Ann.  der  Physik.  28.  p.  75,  1908-9;  ibid.,  28,  p.  999,  1908-9;  ibid.,  29,  p.  179,  1909. 
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Experimental. 

From  the  foregoing  it  seems  desirable  that  there  should  be  additional 
experimental  data  taken  at  ordinary  working  temperatures.  The  Knud- 
sen  pressure  gauge,  in  the  opinion  of  the  writer,  offered  the  most  depend- 
able method  for  such  measurements  since  in  its  action  it  is  independent 
of  the  nature  of  the  gas,  and  also  its  range  is  approximately  that  of  the 
vapor  pressures  to  be  measured.  The  Knudsen  gauge  available  was 
not  arranged  to  be  used  as  an  absolute  manometer,  but  was  calibrated 
by  means  of  an  accurately  constructed  McLeod  gauge.  The  principle 
upon  which  the  Knudsen*  gauge  depends  is  that  the  molecules  of  a 
residual  gas  in  a  partial  vacuum  are  thrown  off  from  a  heated  platinum 
foil,  and  striking  a  light  and  suitably  suspended  vane  exert  a  couple, 
thus  producing  a  deflection  which  may  be  read  by  means  of  an  optical 
system.  The  deflection  for  zero  pressure  of  course  is  zero.  This  fact 
makes  it  possible  to  use  a  McLeod  gauge  for  calibration  purposes,  since 
calibration  curves  may  be  used  with  the  origin  as  an  accurately  deter- 
mined point.  The  McLeod  gauge  may  be  read  quite  accurately  to 
.001  mm.,  or  even  less,  provided  the  glass  and  mercury  are  kept  clean. 

A  special  pyrex  glass  McLeod  gauge  was  constructed  for  the  purpose 
and  fused  directly  to  the  rest  of  the  apparatus  (including  the  Knudsen 
gauge)  which  was  also  of  pyrex  glass.  The  volume  tube  of  the  McLeod 
gauge  was  made  comparatively  large  in  order  to  lessen  friction  and 
surface-tension  effects.  The  gauge  was  found  to  read  consistently  to 
.0005  mm.  if  the  mercury  and  glass  were  kept  clean.  The  apparatus  was 
assembled  as  shown  in  Fig.  2.    The  Knudsen  gauge  i4,  and  the  sample 


Fig.  2. 

container  B,  were  rigidly  supported  within  a  tight  asbestos  lined  wooden 
box.    The  apparatus  within  the  box  was  connected  to  the  pumping 

*  Ann.  der  Physik,  32,  pp.  809-842,  1910;   Phys.  Rbv.,  12,  pp.  70-80,  1918. 
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system  and  McLeod  gauge  without  through  a  tube  of  rather  large 
diameter  and  including  a  mercury  trap  C.  The  system  was  evacuated 
by  means  of  a  Langmuir  condensation  pump  supported  by  a  Gaede 
rotary  mercury,  pump.  By  continued  pumping  and  with  liquid  air 
surrounding  the  trap  C  the  pressure  was  readily  brought  down  to  about 
.005  mm.  Hg.  It  was  then  further  reduced  by  approximately  equal 
steps.  At  each  step  the  pressure  as  indicated  by  the  McLeod  gauge  was 
accurately  read  simultaneously  with  the  deflection  of  the  Knudsen  gauge, 
while  a  given  constant  current  flowed  through  the  platinum  foil  of  the 
gauge.  In  this  way  data  for  a  calibration  curve  were  obtained.  To 
test  the  consistency  of  the  readings  (for  both  gauges)  sets  of  data  were 
taken  in  which  the  current  supplied  to  the  gauge  had  in  turn  the  values 
•3»  4»  -S*  -6  ampere.  This  data  when  plotted  on  40  cm.  coordinate 
paper  gave,  for  each  set,  a  smooth  curve,  showing  that  the  two  gauges 
were  at  least  consistent. 

The  sample  of  mercury  was  then  introduced  into  the  container  B 
and  with  liquid  air  surrounding  the  trap  C,  and  the  pumps  running,  the 
mercury  was  distilled  slowly  out  of  the  container  B  and  back  again  by 
heating  first  the  container  and  then  the  rest  of  the  tube.  This  process 
of  distillation  was  carried  out  a  number  of  times.  Warm  water  was 
kept  on  the  sample  to  prevent  loss  of  the  sample  and  condensation  of 
vapors  while  the  entire  tube  within  the  asbestos-lined  box  was  heated 
to  a  temperature  of  250  to  300^  C.  for  several  hours  in  order  to  drive 
the  vapors  out  of  the  walls  of  the  tube.  The  apparatus  was  then  sealed 
off  at  E.  After  allowing  the  box  to  come  to  the  desired  temperature  for 
a  time,  the  total  pressure  was  taken.  The  mercury  was  then  driven  into 
the  container  B,  while  submerged  in  liquid  air,  by  warming  the  rest  of 
the  tube,  and  the  residual  gas  pressure  measured.  The  difference  be- 
tween the  total  and  the  residual  pressures  is  the  vapor  pressure  of  the 
mercury.  Readings  were  thus  taken  at  a  number  of  temperatures  over 
the  range  o  to  35**.  After  completing  the  series  the  tube  was  opened, 
resealed  to  the  pump  and  the  same  process  of  distillation  and  heating 
carried  out  again.  This  method  was  continued  until  minimum  values 
for  the  vapor  pressure  were  obtained  on  three  successive  sets  of  readings. 
The  mercury  was  considered  pure  at  this  point. 

Another  calibration  of  the  Knudsen  gauge  was  now  carried  out,  a 
second  sample  of  mercury,  purified  with  nitric  acid,  was  introduced  and 
the  process  of  distillation  and  heating  was  repeated  eight  times.  The 
tube  was  then  sealed  off  again  at  E  and  readings  were  taken  at  several 
different  temperatures. 

The  four  sets  of  data  obtained  in  this  way  contained  nineteen  indi- 
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vidual  values  for  the  vapor  pressure  of  mercury  extending  over  the 
temperature  interval  of  —  .7  to  34.9^  Centigrade.  Of  these  values  two 
or  three  differ  from  the  mean  curve  by  about  6  per  cent.,  the  rest  being 
within  3  per  cent,  of  the  curve.  In  the  following  discussion  it  will  be 
shown  that  this  is  about  the  accuracy  that  could  be  expected  from  the 
method. 

The  temperatures  within  the  asbestos-lined  box  were  read  by  means  of 
two  tenth-degree  mercurial  thermometers  placed  at  different  points. 
To  insure  uniform  temperature  the  air  was  caused  to  circulate  within  the 
box  by  a  fan  driven  by  a  motor  without.  The  fan  system  was  supported 
separately  from  the  pier  and  box  to  prevent  jarring  the  Knudsen  gauge. 
The  circulation  of  the  air  was  directed  by  the  bafflers  H,  Two  heating 
coils,  Z>,  controlled  the  high  temperatures,  while  the  low  temperatures 
were  obtained  by  opening  the  windows  and  cooling  the  room.  In  general 
the  temperatures  were  held  constant,  probably  at  .1  or  very  readily  at 
.2^  C.  Changes  of  .2**  in  the  box  temperature  produced  changes  in  the 
vapor  pressure  that  were  just  detectable  by  the  Knudsen  gauge.  The 
gauge  did  not  register  changes  as  quickly  as  the  thermometers.  The 
Knudsen  gauge  was  read  by  a  lamp  and  scale  at  one  meter  distance. 
In  order  to  hold  the  zero  point,  or  rather  to  hold  the  vane  and  foil  at  a 
constant  distance,  the  scale  was  rigidly  fixed  to  the  floor.  If  the  vane 
became  displaced,  it  could  be  brought  back  to  its  original  position  by 
merely  restoring  the  zero  on  the  scale.  One  set  of  calibration  curves  was 
used  for  three  sets  of  data,  and  between  each  set  the  calibration  was 
checked  to  make  sure  that  it  remained  constant. 

In  order  to  determine  the  probable  accuracy  of  the  method  some  of 
the  sources  of  error  and  their  probable  magnitude  will  now  be  con- 
sidered. Ih  the  first  place,  impurities  tend  to  increase  the  vapor  pressure 
in  the  tube,  so  that  this  method  would  be  expected  to  give  values  too 
high.  The  first  sample  gave  minimum  values  for  about  eight  distillations, 
and  since  the  process  of  distillation  was  carried  out  more  than  twenty 
times,  this  error  was  considered  eliminated.  The  second  sample  was 
first  treated  with  nitric  acid  and  then  distilled  eight  times,  hence  we 
were  justified  in  considering  that  the  errors  due  to  impurities  in  this 
sample  were  negligible.  Special  care  was  taken  to  keep  the  McLeod 
gauge  and  the  mercury  in  it  clean  in  order  to  prevent  changes  in  friction. 
It  was  found  that  upon  taking  several  readings  at  the  same  pressure  the 
gauge  could  be  read  to  within  a  total  range  of  i  2  per  cent.,  except  at 
the  low  pressures  and  these  seemed  to  check  well  with  the  other  readings 
as  shown  by  the  curves.  The  accurately  known  point  on  the  curve  at 
the  origin  helped  to  take  care  of  this  source  of  error.     There  was  a 
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variation  of  3  per  cent,  in  the  Knudsen  gauge  readings,  however,  if  a 
new  set  of  calibration  curves  were  drawn  through  the  same  points,  a 
variation  would  be  obtained  that  would  account  for  most  of  this  error. 
Allowing  for  a  probable  error  of  ±  2  per  cent,  for  temperature  variations 
and  the  same  for  each  of  the  other  sources  of  error,  the  total  probable 
error  should  be  within  about  ±  6  per  cent.  The  fact  that  this  is  the 
range  of  the  actual  readings  seems  to  indicate  that  the  principle  sources 
of  error  have  been  accounted  for  and  the  data  are  about  what  one  should 
expect  from  the  method. 

Table  II. 

Third  Run  of  Data. 


L 

Rt. 

R, 

Deflection. 

Total 

Ptenore 

from  Carre. 

Meui. 

.3 

9.8 

13.0 

3.2 

.00277 

.4 

15.3 

5.5 

.00274 

25*^ 

.5 

18.0 

8.2 

.00276 

.6 

20.9 

11.1 

.00272 

.00275 

.3 

10.0 

14.32 

4.32 

.00432 

A 

17.3 

7.3 

.00438 

30.8 

.5 

20.7 

10.7 

.00422 

.6 

24.5 

14.5 

.00416 

.00427 

.3 

10.0 

15.0 

5.0 

.0055 

.4 

18.55 

8.55 

:00556 

34.3 

.5 

22.5 

12.5 

.0054 

.6 

26.75 

16.75 

'  .00514 

.00540 

.3 

9.7 

11.05 

1.35 

.00087 

.4 

12.02 

2.32 

.00088 

.5 

13.19 

3.49 

.00089 

9      11.6 

.6 

14.5 

4.8 

.00088 

.00088 

.3 

10.2 

10.8 

.6 

.00033 

.4 

11.17 

.97 

.00036 

-.7 

.5 

11.7 

1.5 

.00036 

.6 

12.35 

2.15 

.00036 

.00035 

.3 
.4 

10.15 

def 
10.19 

lection  hardly 
.04 

ResidoAl 

Presrare 

from  Carre. 

perceptible 

.00002 

.5 

10.23 

.08 

.00002 

.6 

10.28 

.13 

.00002 

.00002 

One  set  of  the  actual  readings  taken  is  given  in  Table  II.  which  con- 
stituted the  third  run  in  the  first  series.     The  total  pressure  for  a  given 
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temperature  is  given  in  the  fifth  column  for  different  values  of  current 
flowing  through  the  Knudsen  gauge.  The  mean  of  these  is  recorded 
in  the  sixth  column.  At  the  bottom  of  the  table  is  the  data  giving  the 
residual  gas  pressure.  Obviously  the  total  pressure  less  this  gas  pressure 
is  the  vapor  pressure  of  mercury.  Table  II.  contains  the  data  for  the 
vapor  pressure  of  mercury  at  five  different  temperatures.  A  second 
series,  in  which  a  new  sample  of  mercury  cleaned  with  nitric  acid  as 
noted  earlier,  gave  values  of  the  vapor  pressure  for  additional  tempera- 
tures. Together  the  two  series  gave  nineteen  values  extending  over  a 
range  in  temperature  from  —  .7  to  34.9°  C.  which  are  collected  in 
Table  III.    The  corresponding  graph  is  shown  in  Fig.  3.     The  points 
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Fig.  3. 
Table  III. 

Values  for  the  Vapor  Pressure  of  Mercury  at  Various  Temperatures. 


Temperature. 


Preeeure 
mm.  Mercury. 


Temperature. 


Pressure 
mm.  Mercury. 


-.7*» 00033 

5.7 00055 

11.4 00092 

11.6 00086 

11.6 000815 

13.0 00097 

20.3 00187 

22.8 00230 

23.0 00224 

23.0 00235 


24.0* 00262 

25.0 00273 

25.6   00292 

26.8 003145 

28.6 0037 

29.9   004075 

30.8   00425 

34.3    00538 

34.9 00575 


all  lie  well  upon  a  smooth  curve.     In  Table  IV.  the  vapor  pressure  of 
mercury  in  mm.  is  given  for  2-degree  intervals  taken  from  the  curve . 

In  conclusion,  the  author  wishes  to  thank  Professor  A.  P.  Carman  for 
the  use  of  the  facilities  of  the  laboratory,  and  also  to  thank  Professor 
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C.  T.  Knipp  for  the  interest  he  has  taken  in  the  work  and  for  the  many 
suggestions  offered. 

Table  IV. 

Values  for  Each  2^  as  Taken  from  Smooth  Curve  Through  the  Points, 

O.O*' 000350  mm.  Hg.  22.0* 00214  mm.  Hg. 

2.0 000412  24.0    00234 

4.0 000487  26.0   003 

6.0 000572  28.0 0035 

8.0 000662  30.0   00407 

10.0 000775  32.0 00467 

12.0 000895  34.0 00535 

14.0 00105  36.0   00607 

16.0 00126  38.0 00695 

18.0 00150  40.0 008 

20.0 00182 

Laboratory  of  Physics. 
University  of  Illinois. 
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ON  THE  AGEING  EFFECT   IN  THE  MOBILITY  OF 
POSITIVE  GAS   IONS. 

By  H.  B.  Wahlin. 

Synopsis. 
Mobility  of  positive  ions  of  air  immediately  after  formation  has  been  found  by 
Erikson,  using  a  modified  Zeleny  method,  to  be  much  higher  than  the  normal  value. 
This  result  has  been  verified  by  the  author  using  the  alternating  potential  method. 
Ions  formed  in  an  ante-chamber  by  a-ra3rs  from  polonium  were  driven  by  a  wealc 
auxiliary  field  into  the  measuring  chamber  where  the  mobility  was  determined  by 
the  use  of  an  alternating  field  of  i  ,800  to  3.600  cycles  and  of  variable  strength .  Pure 
dry  air  was  used  at  a  pressure  of  30  mm.  When  the  auxiliary  potential  was  1.5 
volts  the  measured  mobility  was  normal  but  when  the  potential  was  3.0  volts  or 
more  the  mobility  rose  to  1.80  cm./sec./volt/cm..  indicating  that  the  ions  entered 
the  measuring  chamber  before  they  were  aged.  The  time  required  for  the  ions  to 
age  or  reach  the  normal  condition  is  estimated  to  be  between  1/75  and  1/120  of  a 
second. 

AT  the  November  meeting  of  the  American  Physical  Society,  Profes^'or 
H.  A.  Erikson,  of  the  University  of  Minnesota,  presented  a  paper 
on  the  variation  in  the  mobility  of  positively  charged  gas  ions  with  time. 
Using  a  modification  of  the  Zeleny  method  for  measuring  mobilities 
Professor  Erikson^  has  shown  that  if  the  determinations  are  made  im- 
mediately after  the  ions  are  formed,  the  values  obtained  are  for  air, 
oxygen,  and  nitrogen  much  higher  than  the  accepted  values.  If,  how- 
ever, the  ions  are  aged  for  an  appreciable  time  Erikson  found  this  time 
to  be  of  the  order  of  i/ioo  of  a  second  (for  air)  before  the  determinations 
are  made,  the  mobility  falls  to  the  normal  value  (1.37  cm.  per  sec.  per 
volt  per  cm.). 

In  order  to  investigate  this  effect  further,  the  writer  constructed  an 
apparatus  on  the  principle  of  the  Franck  modification  of  the  Rutherford 
alternating  potential  method  for  determining  mobilities  using  a-particles 
from  polonium  as  the  ionizing  source.  As  a  source  of  alternating 
potential,  an  oscillating  vacuum-tube  circuit  of  the  Hartley  type  (Fig. 
i)  with  a  telephone  transformer  {T)  in  the  plate  circuit  was  used.  The 
voltage  on  the  secondary  of  the  transformer  was  varied  by  varying  the 
potential  of  the  plate  by  means  of  the  potential  dividing  resistance  R^, 
In  order  to  keep  the  frequency  of  the  alternating  potential  constant 
with  a  variation  in  the  plate  voltage,  a  resistance  {R\)  was  introduced 
into  the  grid  circuit  of  such  a  value  that  the  potential  could  be  varied 
over  the  desired  range  without  any  noticeable  effect  on  the  frequency. 

1  Erikson.  Phys.  Rev.,  17.  P-  400;   18,  p.  100. 
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Fig.  1. 

The  inductances  (Li,  L%)  and  the  capacity  (C)  were  chosen  so  as  to  give 
a  range  of  frequencies  from  i,8oo  alternations  per  second  to  3,600 
alternations  per  second.  One  terminal  of  the  secondary  of  the  trans- 
former was  grounded,  and  the  other  was  connected  through  a  condenser 
key  {K\)  to  the  gauze  (ilf).  On  the  lower  side  of  this  gauze  a  copper 
plate  coated  with  polonium  was  fastened  in  such  a  manner  that  the 
radiation  from  the  same  was  confined  to  the  lower  hall  of  the  region 
between  M  and  D.  The  gauze  was  made  by  boring  holes  1.3  mm.  in 
diameter  in  a  brass  plate  .5  mm.  thick.  The  distance  between  centers 
of  adjacent  holes  was  4  mm.  The  diameter  of  the  gauze  was  10  cm. 
This  gauze  was  fastened  to  a  fiber  ring  which  rested  on  the  brass  plate 
(D).  The  distance  between  M  and  D  was  i  cm.  Between  the  gauze 
and  the  brass  plate  a  source  of  potential  was  fastened  for  driving  the  ions 
through  the  gauze  into  the  measuring  field.  A  represents  a  collecting 
plate  10  cm.  in  diameter.  The  distance  between  A  and  M  was  varied 
between  the  limits  of  6  mm.  and  9  mm.  The  collecting  plate  in  turn 
was  connected  through  a  platinum  wire  **bow  switch  "  to  the  electrometer 
(£).  The  electrometer  was  of  the  Compton  type  with  a  gold  sputtered 
quartz  fiber  as  a  suspension  and  was  used  at  a  sensibility  of  4,500  scale 
divisions  per  volt  with  the  scale  at  a  distance  of  150  cm.  The  amount  of 
charge  given  to  i4  in  a  given  time  was  taken  as  a  measure  of  the  current. 
Then  from  the  value  of  the  alternating  potential  at  which  the  ions  cease 
to  get  across  to  the  collecting  plate  the  mobility  may  be  calculated  from 

the  expression 

imd''  P 


K  = 


V2  F760 


(I) 


wheie  K  is  the  mobility  at  a  pressuie  of  760  mm.,  P  is  the  pressure,  n 
the  frequency,  and  V  is  the  alternating  potential. 

In  all  these  determinations  air  was  used  at  pressures  ranging  from 
I  cm.  to  3  cm.  of  mercury.     A  number  of  mobility  curves  were  obtained 
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at  each  pressure  with  values  of  the  auxiliary  field  between  M  and  D 
varying  in  some  cases  between  1.5  volts  and  60  volts. 

The  air  was  purified  by  passing  it  over  hot  copper  oxide  to  break  up 
organic  impurities.  This  would  also  remove  the  hydrogen.  It  next 
passed  over  potassium  hydroxide  to  remove  carbon  diosdde  and  theft 
through  calcium  chloride  and  phosphorous  pentoxide  to  remove  water 
vapor,  and  finally  into  the  chamber  containing  the  plates  i4,  M  and  D. 
Before  taking  a  series  of  readings,  the  chamber  was  washed  out  by 
e  xhausting  to  a  pressure  of  i  mm.  or  less  and  filling  to  atmospheric 
pressure.  This  was  repeated  three  or  four  times,  so  that  the  residual 
gas  left  in  the  chamber  from  the  previous  filling  was  very  small.  In 
order  to  prevent  any  contamination  of  the  gas  by  vapor^  from  the  walls 
of  the  chamber,  the  readings  were  taken  immediately  after  making  a 
filling.  However,  there  was  no  noticeable  difference  produced  in  the 
results  by  allowing  the  gas  to  remain  in  the  chamber  for  some  time. 

If  the  effect  observed  by  Erikson  is  correct,  we  should  expect  that  for 
low  values  of  the  auxiliary  field  between  M  and  D,  the  ions  would  remain 
in  this  field  long  enough  so  that  by  the  time  they  are  carried  through  the 
gauze  they  will  be  aged,  and  that  the  intercept  of  the  mobility  curve 
on  the  voltage  axis  would  give  the  normal  value  of  the  mobility.  How- 
ever, as  the  auxiliary  field  is  increased  ions  would  get  through  the  gauze 
before  ageing  and  the  intercept  would  give  values  for  the  mobility  which 
are  abnormally  high.     As  will  be  seen  from  Fig.  2,  this  is  the  case,  for 
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Fig.  2. 
Frequency  of  alternating  potential.   i,8oo  alternations  per  second.     Plate  distance  rf. 
8  mm.     Pressure  of  gas,  30  mm.     Curve  I.,  Auxiliary  field,  1.5  volts.     Curve  II.,  Auxiliary 
field,  3.0  volts.     Curve  III..  Auxiliary  field,  4.5  volts. 
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with  an  auxiliary  field  of  1.5  volts  the  value  for  the  mobility  is  1.35  cm. 
per  sec.  per  volt  per  cm.,  and  with  an  auxiliary  field  of  3.0  volts  the  value 
rises  to  1.80  cm.  per  sec.  per  volt  per  cm.  A  further  increase  in  the 
auxiliary  field  does  not  change  the  intercept,  as  may  be  seen  from  the 
fact  that  the  intercept  for  a  field  of  4.5  volts  is  the  same  as  for  3.0  volts. 
The  slight  tendency  shown  by  curve  number  i  to  be  concaved  upwards 
is  probably  due  to  the  fact  that  the  gauze  and  the  collecting  plate  were 
not  accurately  parallel,  for  since  the  distance  between  these  two  is  of  the 
order  of  8  nun.  and  since  in  the  expression  for  the  mobility  constant 
(equation  i)  this  distance  enters  as  the  square,  a  small  variation  in  this 
distance  would  produce  quite  an  appreciable  effect  in  altering  the  shape 
of  the  curve.  The  increased  concavity  of  curves  2  and  3  is  probably  due 
to  the  fact  that  theions  passing  through  the  gauze  are  both  the  aged  and 
unaged  variety.  The  estimated  time  necessary  for  ageing  is  for  all  the 
curves  taken  somewhere  between  1/75  and  1/120  of  a  second. 

Discussion  of  Results. 

Erikson  has  been  unable  to  notice  any  ageing  in  the  mobility  of  the 
negative  ion.  In  this  case,  however,  the  effect  is  complicated  by  the 
fact  that  we  have  a  distribution  of  mobilities  between  electronic  and 
ionic.  Determinations  of  the  mobilities  of  the  negative  ions  have  shown 
that  in  most  gases  the  mobility  constant  becomes  abnormally  high  as 
the  pressure  is  decreased.  This  would  indicate  that  the  electron  does 
not  attach  itself  inunediately  to  a  molecule  but  will  travel  some  distance 
through  a  gas  before  uniting  to  form  a  negative  ion.  It  would  seem  Irom 
this  then  that  a  further  change  after  the  electron  once  has  attached 
itself  is  not  very  probable. 

The  most  obvious  explanation  of  the  results  given  above  is  on  the  basis 
of  a  cluster  theory  of  ion  formation.  On  such  a  theory  the  formation  of 
a  positively  charged  gas  ion  would  consist  first  in  the  detachment  of  an 
electron  from  the  neutral  molecule  to  form  the  positive  ion  and  then  the 
attachment  of  molecules  to  this  ion  to  form  the  cluster.  Then  if  the 
mobility  is  measured  before  this  clustering  takes  place,  the  mean  free 
path  of  the  ion  would  be  greater  and  as  a  consequence  the  mobility  higher. 

If,  however,  a  cluster  is  formed,  it  is  to  be  expected  that  it  will  dis- 
integrate if  the  field  in  which  the  mobility  is  measured  becomes  high 
enough  and  the  mobility  will  rise  to  a  value  limited  principally  by  the 
size  of  the  molecule  or  atom  which  forms  the  nucleus  of  the  cluster. 
This  question  has  been  investigated  by  Loeb,^  Chattock,  Tyndall,  and 
others  without  obtaining  any  evidence  for  an  increase  in  the  mobility. 

»  Loeb,  Phys.  Rbv..  December,  1916. 
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WelHsch,  Franck,  Franck  and  Meitner,  and  Rutherford  have  found 
that  for  a  given  gaseous  medium  the  mobility  is  independent  of  the  nature 
of  the  carrier  as  long  as  it  is  of  atomic  dimensions.  On  the  basis  of  a 
small  ion  theory  it  is  therefoie  to  be  expected  that  an  aged  ion  would 
have  the  same  mobility  as  an  unaged  one.  However,  these  results  can 
be  co5rdinated  on  the  basis  of  a  cluster  theory  if  the  ions  used  by  these 
observers  were  aged  before  the  mobility  was  determined  and  if  the  size 
of  the  cluster  is  independent  of  the  carrier  which  forms  the  nucleus. 

In  conclusion,  the  writer  wishes  to  express  his  thanks  to  Mr.  J.  P. 

Foerst  for  his  work  in  cgnnection  with  the  construction  of  the  apparatus 

used  in  these  determinations. 

Univbrsity  of  Wisconsin, 
Madison.  Wisconsin. 
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THE  EFFECT  OF  DISSOLVED  SUBSTANCES  ON  THE  DEPOSI- 
TION OF  COLLOIDAL  PARTICLES  FROM  A  SOLUTION 
BY  MEANS  OF  AN   ELECTRIC   CURRENT. 

By  Richard  D.  Klbbman. 

Synopsis. 

Effect  of  Various  Dissolved  Substaiues  on  Porcelain  Slip  (a  Colloidal  Solution  of 
Particles  of  Clay,  Flint,  and  Feldspar  in  Water). — (i)  Effett  on  compactness  of  deposit 
produced  by  an  electric  current.  It  was  found  that  the  addition  of  only  from  o.i  to 
0.3  per  cent,  of  any  one  of  a  number  of  substances,  including  NatSiOi.  NasSOi. 
NaiPOi.  NasHPOi.  H  tartrate.  Na  tartrate.  NaOH  and  KOH.  resulted  in  a  deposit 
which,  though  not  quite  dry.  was  solid  instead  of  being  semi-liquid.  The  compact- 
ness does  not  depend  on  the  current  density.  As  the  amount  of  substance  added 
is  increased,  the  compactness  increases  less  and  less  and  soon  reaches  a  limiting 
value.  The  full  effect  of  the  substance  does  not  appear  at  once  but  only  after  a  period 
which  varies  up  to  several  hours.  (2)  Effect  on  the  fluidity  of  the  slip  is  to  increase 
it  markedly.  From  the  relative  action  of  different  substances  this  effect  is  intimately 
related  to  the  first  one.  Although  the  result  of  adding  the  substance  is  first  to 
precipitate  some  of  the  particles,  when  more  solid  material  is  added  the  precipitate  is 
redissolved  so  that  for  the  same  fluidity  the  proportion  of  solid  dissolved  is  much 
greater  with  the  added  substance  than  without.  (3)  Suggested  explanation.  Both 
effects  may  be  explained  if  we  assume  that  the  radii  of  the  spheres  of  action  of  the 
particles  of  the  slip  are  diminished  by  the  dissolved  substance.  Particles  will  go  into 
colloidal  solution  if  no  combinations  result  from  encounters.  This  property  is 
expressed  in  terms  of  the  interfacial  surface  tension  of  the  particles.  The  equations 
of  distribution  of  colloidal  particles  under  the  action  of  gravity  are  obtained  and  with 
their  help  an  explanation  of  the  effect  mentioned  above,  the  precipitation  and 
re-solution  of  the  particles  of  the  slip,  is  suggested.  From  a  consideration  of  the 
experimental  results  it  is  concluded  that  the  volume  of  the  spheres  of  action  of  a 
particle  in  porcelain  slip  is  about  double  the  actual  volume  of  the  particle. 

DURING  some  experiments  on  the  electric  deposition  of  porcelain 
slip  it  was  observed  that  the  deposit  obtained  from  the  slip 
used  in  the  wet  porcelain  process  (in  which  the  slip  is  cast  into  molds  of 
plaster  of  Paris)  was  solid  though  not  quite  dry,  while  that  obtained 
from  slip  used  in  the  dry  process  was  of  the  consistency  of  thick  cream. 
It  was  soon  found  that  the  difference  in  the  nature  of  the  deposits  ob- 
tained was  due  to  the  small  quantity  of  sodium  silicate  (Na2Si08)  that 
is  mixed  with  the  slip  used  in  the  wet  process.  Porcelain  slip,  it  should 
be  mentioned,  consists  of  a  colloidal  solution  of  particles  of  clay,  flint, 
and  feldspar,  in  water.  A  systematic  investigation  was  next  carried 
out  with  the  assistance  of  Mr.  Chase  to  determine  the  effect  of  various 
dissolved  substances  on  the  nature  of  the  deposit  obtained.  It  was 
found    that   besides  sodium   silicate   the   substances  Na2S04,  NaiP04. 
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Na,HP04,  H  tartrate,  Na  tartrate,  NaOH,  KOH  showed  the  effect  ^ry 
well,  and  in  fact  it  was  found  that  most  substances  showed  the  effect 
in  a  more  or  less  degree. 

The  hardness  or  compactness  of  the  deposit  obtained  increased  with 
the  amount  of  substance  added.  It  was  difficult,  from  the  nature  of 
things,  to  obtain  definite  quantitative  results.  It  may,  however,  be 
remarked  that  in  a  general  way  the  compactness  of  the  deposit  appeared 
to  increase  at  first  rapidly  with  the  amount  of  substance  added,  and 
gradually  less  so  till  a  point  was  reached  beyond  which  further  addition 
of  the  substance  did  not  produce  any  appreciable  effect,  the  relation 
between  amount  of  substance  added  and  compactness  of  deposit  obtained 
thus  resembles  a  saturation  curve.  The  minimum  amount  of  substance 
necessary  to  add  in  oider  to  produce  the  maximum  compactness  was 
usually  very  small,  it  was  difficult  to  determine  exactly  in  any  given  case 
lor  reasons  that  follow  from  the  preceding  remarks.  The  order  of  the 
quantity  is  i  part  in  300-1,000  by  weight.  The  full  effect  of  the  sub- 
stance added  does  not  appear  at  once,  but  after  a  time  which  may  vary 
from  a  quarter  of  an  hour  to  several  hours.  Stirring  seems  to  help  the 
final  state  being  reached  more  rapidly. 

The  compactness  of  the  deposit  obtained  with  slip  containing  one  of 
the  substances  mentioned  did  not  seem  to  depend  on  the  density  of  the 
current  used,  provided  that  it  was  not  so  large  that  the  gases  evolved 
interfered  with  the  deposition.  Very  small  current  densities  were  occa- 
sionally used,  of  the  order  of  a  milliampere  and  less,  so  that  it  was 
necessary  to  let  the  current  flow  for  hours  to  ot  tain  a  deposit  a  quarter 
of  an  inch  thick,  but  the  compactness  of  the  solid  deposit  obtained  did 
not  seem  to  be  different  from  that  obtained  with  larger  currents. 
Scarcely  any  transition  layer  seemed  to  exist  between  the  deposit  and 
the  slip,  whatever  the  current  density,  and  a  short  exposure  of  the  deposit 
to  the  air  was  therefore  sufficient  to  dry  its  surface.  Tlys  effect  was 
specially  noticeable  when  sodium  silicate  was  added  to  the  slip. 

The  increase  in  compactness  of  the  deposit,  obtamed  on  the  addition 
to  the  slip  of  one  of  the  substances  mentioned,  was  found  to  be  intimately 
connected  with  the  increase  in  fluidity  of  the  slip  which  was  found  to  be 
produced  by  these  substances.  The  connection  between  the  two  effects 
may  be  well  illustrated  by  the  following  typical  experiment.  Suppose 
that  a  depofit  is  obtained  electrically  from  pure  slip  containing  about  30 
per  cent,  of  solid  matter  by  weight.  The  def)osit  will  be  of  the  consist- 
ency of  thick  cream.  Now  let  a  small  quantity  of  NaiP04,  about  one 
part  in  three  hundred  by  weight,  be  added.  This  will  give  rise  to  a 
partial  precipitation  of  the  particles  of  the  slip,  the  flint  and  feldspar 
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pai^icles  mainly  being  aflFected.  But  this  precipitate  goes  into  solution 
again  on  adding  additional  solid  matter.  Now  we  may  go  on  adding 
solid  matter  till  a  point  is  reached  when  the  fluidity  of  the  slip  is  the  same 
as  that  it  possessed  before  the  addition  of  Na8P04.  It  will  then  contain 
about  60  per  cent,  of  solid  matter  by  weight,  or  about  double  the  amount 
it  possessed  initially.  The  amount  of  solid  added  may  be  taken  as  a 
measure  of  the  increase  in  fluidity  produced  by  the  dissolved  substance. 
The  deposit  obtained  from  the  slip  will  now  be  in  a  solid  instead  of  in  a 
semi-liquid  state.  Similarly  the  connection  between  the  two  effects 
may  be  traced  in  the  case  of  other  substances,  and  for  different  amount? 
of  a  substance  added.  It  was  found  that  an  increase  in  the  compactness 
of  the  deposit,  as  far  as  such  a  thing  could  be  judged,  was  attended  by 
an  increase  in  the  fluidity  of  the  slip  as  measured  in  the  foregoing  manner, 
or  by  the  rate  of  its  flow. 

The  relation  between  the  two  effects  may  be  very  simply  and  strikingly 
explained  by  assuming  that  the  addition  of  a  small  amount  of  a  substance 
to  the  slip  decreases  the  radii  of  the  spheres  of  action  of  the  particles, 
or  the  spheres  associated  with  the  particles  which  do  not  penetrate  into 
each  other  during  their  motion  of  translation.  Tiie  particles  would  then 
pack  more  closely  on  being  deposited  by  an  electric  current,  and  the 
fluidity  of  the  solution  would  be  increased  since  the  particles  would 
possess  more  freedom  of  motion  with  respect  to  each  other. 

We  may  obtain  some  information  about  the  sphere  of  action  ol  a 
particle  from  increase  of  fluidity  considerations.  The  addition  of  a  small 
quantity  of  NasP04  of  one  part  in  three  hundred  by  weight  to  the  slip, 
we  have  seen,  necessitates  doubling  the  amount  of  solid  matter  in  order 
to  keep  the  fluidity  constant.  It  may  be  taken  as  a  first  approximation 
that  the  total  volume  of  the  spheres  of  action  of  the  particles  in  the  slip 
was  not  changed  during  the  process.  It  would  then  follow  that  the 
volume  of  the  sphere  of  action  of  a  particle  in  the  slip  was  decreased 
to  half  its  value  through  the  addition  of  the  Na3P04,  and  that  the  volume 
of  the  former  sphere  of  action  is,  therefore,  greater  than  twice  the  volume 
of  the  particle.  This  appears  to  be  borne  out  by  experiments  on  the 
amount  of  water  content  in  the  deposit  from  pure  slip  by  an  electric 
current,  which  was  found  to  be  about  one  half  of  the  total  volume  of 
the  deposit.  Experiments  with  clay  alone  gave  in  this  manner  a  value 
of  about  two  thirds,  or  a  ratio  of  3  to  i  of  the  total  volume  of  the  spheres 
of  action  of  the  particles  to  their  actual  volume. 

If  a  small  quantity  of  Na3P04,  about  one  part  in  three  hundred  by 
weight,  is  added  to  porcelain  slip  containing  about  30  per  cent,  of  solid 
matter,  some  of  the  particles  are  immediately  precipitated  and  then  a 
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gradual  process  of  precipitation  goes  on.  On  adding  more  solid  matter 
and  agitating  the  solution  the  precipitated  particles  may  be  brought 
into  solution  again  and  kept  suspended.  The  experiment  first  of  all 
shows  that  the  radii  of  the  spheres  of  action  of  the  particles  were  decreased 
to  about  the  actual  volume  of  the  particles  by  the  addition  of  the  NaiP04. 
This  is  supported  by  the  fact  that  the  deposit  obtained  by  an  electric 
current  is  solid.  The  experiment  also  shows  that  the  ability  of  particles 
to  keep  in  suspension  in  a  solution  may  depend  on  their  number.  A 
theoretical  investigation  of  this  point  is  given  further  on. 

It  wiH  be  of  interest  to  point  out  in  this  connection  that  particles  of 
flint  and  feldspar  do  not  by  themselves  go  into  colloidal  solution  in  water, 
but  day  particles  do,  and  that  therefore  in  porcelain  slip  the  flint  and 
feldspar  particles  are  kept  in  suspension  in  the  solution  by  the  clay 
particles. 

We  may  now  proceed  to  consider  some  theoretical  aspects  of  the 
foregoing  experiments,  and  of  colloidal  solutions  in  general.  The  condi- 
tion that  particles  mixed  with  a  liquid  may  remain  in  colloidal  solution 
is  that  two  particles  on  colliding  should  separate  again,  or  that  apparent 
forces  ot  repulsion  should  come  into  play  when  two  particles  approach 
each  other.  These  forces,  it  will  be  shown,  may  be  expressed  in  terms 
of  the  interfacial  surface  tension  of  the  particles  in  contact  with  the 
solvent.  The  surface  tension  of  a  liquid  in  contact  with  a  solid  is  the 
external  work  done  in  separating  two  pieces  of  the  substance  in  close 
contact  submerged  in  the  liquid  per  unit  area  of  the  surface  of  contact. 
The  surface  work  of  a  particle  is  accordingly  equal  to  the  area  of  its 
surface  multiplied  by  its  interfacial  surface  tension.  Hence  when  two 
particles  approach  one  another  in  a  liquid  this  would  be  attended  by  a 
change  in  their  total  surface  work.  It  this  inu eases,  the  corresponding 
external  work  is  done  by  the  particles  at  the  expense  ol  their  kinetic 
energy,  the  effect  being  as  if  forces  ol  repulsion  were  called  into  play  on 
approach  of  the  particles.  Therefore  if  AW,  denote  the  increase  in 
the  surface  work  of  two  particles  approaching  one  another,  they  will 
separate  again  if 

APT.  S  £. 

where  E  denotes  the  kinetic  energy  of  the  particles.  If  the  surface  work 
Wt,  or  the  inte/facial  surface  tension  is  negative,  which  corresponds 
to  external  work  being  done  by  the  system  on  producing  additional 
interfacial  surface,  AW,  corresponds  to  a  numerical  decrease  in  PF„ 
while  if  AWf  is  positive,  or  the  surface  tension  is  positive,  W,  cor- 
responds to  a  numerical  increase  in   W^,     Therefore  if  the  interfacial 
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surface  tension  of  the  particles  is  positive,  and  two  particles  do  not 
combine  on  collision,  it  follows  that  the  formation  of  new  interfacial 
surface  would  in  the  initial  part  of  the  process  require  the  expenditure 
of  external  work,  or  apparent  forces  of  attraction  would  come  into  play, 
while  during  the  remaining  part  ol  the  process  the  system  would  do  work, 
or  apparent  forces  of  repulsion  would  come  into  play.  These  forces 
of  repulsion  prevent  the  particles  from  uniting,  but  it  is  evident  that  if 
by  any  chance  the  particles  came  into  contact  under  the  foregoing 
conditions,  they  would  remain  in  contact.  If  however  the  interfacial 
surface  tension  is  negative,  the  particles  would  separate  again  if  brought 
into  actual  contact. 

The  area  of  the  change  in  the  transition  surface  for  a  given  distance 
of  approach  of  two  equal  colloidal  particles  would  evidently  on  the 
average  be  proportional  to  the  cube  root  of  the  mass  of  one  of  the  particles, 
and  the  force  of  repulsion  would  increase  in  proportion.  Hence  if  the 
kinetic  energy  of  each  particle  were  proportional  to  the  absolute  tempera- 
ture, as  is  the  case  with  a  molecule  in  the  gaseous  state,  and  thus  inde- 
pendent of  its  mass,  the  distance  of  approach  of  the  particles  would  be 
the  less  the  greater  their  masses.  Hence  under  these  conditions  the 
chance  of  two  particles  combining  would  be  the  smaller  the  greater  their 
masses.  But  the  kinetic  energy  of  a  colloidal  particle  is  not  likely  to  be 
proportional  to  the  temperature,  nor  at  any  temperature  equal  to  that 
of  a  molecule  in  the  gaseous  state,  as  has  been  pointed  out  by  the  writer.^ 
At  present  it  is  impossible  therefore  to  say  how  the  chance  of  combination 
of  two  particles  depends  on  their  size. 

The  boundary  between  a  solid  and  liquid  in  contact  we  would  expect 
to  be  the  seat  of  a  liquid  transition  layer.  The  density  of  the  liquid  in 
the  layer  would  accordingly  undergo  a  gradual  change  from  one  side  to 
the  other,  and  this  may  be  attended  by  a  separation  of  electrical  charges. 
The  work  done  in  the  production  of  the  electrical  layers,  it  should  be 
noted,  is  included  in  the  interfacial  surface  tension.  In  a  separate  paper 
under  the  title  '*A  Transition  or  Adsorption  Layer  Theory  of  the  E.M.F. 
of  a  Voltaic  Cell,**  the  nature  and  properties  of  this  transition  layer  are 
discufsed.  The  forces  called  into  play  on  encounter  of  two  colloidal 
particles  are  obviously  in  part  directly  due  to  the  separated  electrical 
charges  of  opposite  sign  associated  with  their  transition  layers.  Thus 
the  outside  electrical  layers  of  two  particles  of  the  same  kind  have  the 
same  sign,  and  forces  of  repulsion  Wy\\  therefore  initially  come  into  play 
on  approach  of  the  particles. 

*  A  Kinetic  Theory  of  Gases  and  Liquids,  by  R.  D.  Kleeman.  pp.  210-217,  John  Wiley  & 
Sons,  New  York. 
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The  distribution  of  the  particles  in  a  solution  under  the  action  of 
gravity  is  of  importance  to  consider  in  this  connection.  The  differential 
equation  of  eqi  ilibrium  is 

F'dh  =  5P^ 

where  P,  denotes  the  osmotic  pressure  of  the  particles  at  a  distance  h 
from  the  surface  of  the  solution,  and  F  the  force  due  to  gravity  acting  on 
the  particles  in  a  cubic  cm.  of  the  solution.  If  Va  denotes  the  volume  of  a 
particle,  p«  its  density,  p  the  density  of  the  liquid,  we  have 

F  =  gVa(pm  -  p)iVe, 

where  Nc  denotes  the  concentration  of  the  particles.  If  the  solution  is 
dilute,  the  osmotic  pressure  of  the  particles  obeys  the  gas  laws,  or 

P   =^N 

where  N  denotes  the  number  of  molecules  in  a  gram  molecule.  The 
equation  of  equilibrium  may  accordingly  be  written 

mgNc'dh^-^'dNc,  (I) 

substituting  m  for  Va{pa  —  p)  the  apparent  mass  of  a  particle.  On  in- 
tegrating this  equation  we  obtain 

m^A-— log^.  (2) 

where  Ne  denotes  the  concentration  of  the  particles  in  the  surface  of  the 
solution,  and  Ne^'  that  at  a  distance  h  from  the  furtace. 

The  foiegoing  com  entrations  may  conveniently  be  expressed  in  terms 
of  Nh  the  total  number  ot  particles  in  a  cylinder  of  unit  cross-section  and 
height  h.    We  have  directly 

Nc'Bh  =  Nh. 


f 

Jo 


an  equation  which  on  being  transformed  by  the  help  ot  equation  (i) 
and  integrated  gives 

Nc"  -  N/ -^  N,^^^  ■  (3) 

From  this  equation  and  equation  (2)  we  obtain 

;,,.(.'??_  „-^  (4) 

and 

Nc"(e''r  -  ,)  =  ^-^-e  "r  •  (5) 
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It  appears  from  equation  (2)  that  the  ratio  of  the  concentration  of  the 
particles  corresponding  to  the  upper  surface  and  bottom  of  a  solution 
is  independent  of  the  total  number  of  particles  provided  their  masses 
are  kept  the  same.  Therefore  it  a  suffic  iently  large  number  of  colloidal 
particles  are  added  to  a  solution,  the  concentration  of  the  particles  at  the 
bottom  ot  the  solution  as  given  by  equation  (2)  may  be  greater  than  that 
corresponding  to  the  particles  being  in  contact  with  each  other.  A 
layer  of  precipitated  particles  will  accordingly  form  at  the  bottom  oi  the 
vessel.  But  these  particles  will  not  differ  from  those  in  solution,  and 
will  readily  go  into  solution  again  on  adding  a  sufficient  amount  of  liquid. 
The  particles  in  the  (apparent)  precipitate  would  however  not  pack  so 
closely  as  would  be  the  case  if  they  were  dry,  but  their  centers  of  mass 
would  be  separated  by  distances  approximately  equal  to  the  diameter 
of  their  spheres  ol  action  when  in  solution.  These  considerations  indicate 
another  method  for  obtaining  values  of  the  radii  of  the  spheres  of  action 
of  colloidal  particles  in  a  solution. 

We  have  seen  that  particles  which  do  not  go  into  colloidal  solution  by 
themselves  may  be  induced  to  do  so  on  adding  particles  that  readily 
form  a  colloidal  solution.  An  explanation  of  this  may  now  be  given. 
The  complete  precipitation  of  the  particles  from  a  solution  means  first 
of  all  that  the  particles  gradually  increase  in  size  through  combination. 
This  gives  rise  to  a  gradual  increase  in  concentration  of  the  particles  at 
the  bottom  ot  the  vessel  in  comparison  with  that  in  the  surface  of  the 
solution,  according  to  equation  (2).  Ultimately  a  precipitate  will  be 
formed  in  the  way  already  explained.  Finally  practically  no  particles 
will  be  in  solution  on  account  of  their  size.  Hence  if  particles  which  by 
themselves  readily  go  into  solution  keep  in  suspension  particles  which 
by  themselves  do  not  go  into  solution,  the  following  state  of  affairs 
probably  exists.  A  particle  of  the  former  kind  on  encountering  one  of 
the  latter  will  not  combine  with  it,  since  the  former  particle  has  a  sphere 
of  action  associated  with  it  extending  into  the  liquid.  If  however,  two 
particles  of  the  latter  kind  encounter  each  other  they  would  combine. 
But  they  may  separate  again  in  time  through  encounters  with  other 
particles,  the  chance  of  that  happening  depending  on  the  number  ol 
other  particles  present.  Thus  the  presence  of  particles  which  unaided 
remain  in  solution  might  have  the  effect  of  keeping  the  <omplexity  of 
aggregations  of  particles  of  the  other  kind  below  a  certain  average 
degree,  and  thus  prevent  a  pre*  ipitation  of  the  latter  particles.  The 
effectiveness  of  this  will  evidently  depend  on  the  relative  concentrations 
of  the  two  different  kinds  of  particles,  and  the  total  concentration  of 
the  particles.     The  fact  mentioned  that  the  flint  and  feldspar  particles 
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of  porcelain  slip  are  more  or  less  kept  in  suspension  by  the  clay  particles, 

and  that  a  precipitate  obtained  on  adding  a  substance  may  be  made  to 

go  into  solution  again  through  the  addition  of  particles,  are  well  explained 

in  this  way. 

Genb&al  Elbctric  Co.. 
Schenectady.  N.  Y. 
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THE  HALL,   ETTINGSHAUSEN,   NERNST  AND  LEDUC 
EFFECTS   IN  CADMIUM.  NICKEL  AND  ZINC. 

By  a.  E.  Caswell. 
Synopsis. 

Transverse  Magnetic  Effects  in  Cadmium,  Nickel  and  Zinc. — The  Hall,  Ettings- 
hausen.  Nemst  and  Leduc  effects  were  all  measured  for  each  metal  on  the  same  thin 
strip,  which  after  being  provided  with  various  thermocouples  and  potential  wires 
was  heated  electrically  in  vacuum  and  placed  in  a  magnetic  field  of  4,000  to  5,200 
gauss.  Coefficients  are  given  for  cadmium  (40  to  50®),  nickel  (—11  to  57**)  and 
zinc  ( —  25  to  77^).  The  Hall  and  Ettingshausen  effects  were  not  found  of  opposite 
sign  as  has  usually  been  observed,  but  both  came  out  positive. 

OlNCE  the  thermoelectric,  galvanomagnetic  and  thermomagnetic 
^^  effects  observed  in  metals  have  not  been  determined  for  the  same 
specimens  and  since  these  properties  vary  considerably  in  different 
specimens  of  the  same  substance  the  writer  undertook  to  construct  an 
apparatus  with  which  to  measure  the  transverse  magnetic  effects  and 
the  thermoelectric  effects  in  the  same  specimen  over  a  wide  range  of 
temperatures.  So  far  he  has  been  unable  to  determine  the  thermo- 
electric effects,  especially  the  Thomson,  with  any  degree  of  accuracy 
for  any  specimen  sufficiently  thin  to  give  satisfactory  results  for  the 
magnetic  effects. 

A  considerable  part  of  the  work  has  been  done  under  the  auspices  of 
the  National  Research  Council  in  the  Palmer  Physical  Laboratory  of 
Princeton  University.  The  writer  takes  pleasure  in  acknowledging  his 
indebtedness  to  Dean  Magie,  who  very  kindly  placed  all  the  resources 
of  the  Laboratory  at  his  disposal,  and  in  expressing  his  deep  appreciation 
of  the  uniform  courtesy  and  generous  cooperation  shown  him  by  all  the 
members  of  the  Princeton  staff. 

In  the  following  paragraphs  the  most  reliable  results  obtained  for  the 
transverse  mangetic  effects  are  given,  being  comparable  in  accuracy  with 
the  better  results  published  elsewhere.  Moreover,  the  published  data 
are  somewhat  meager. 

The  specimens  used  were  rolled  to  a  uniform  thickness  of  0.01035 
cm.  from  sticks  of  Kahlbaum's  c.  p.  reagent  cadmium,  and  of  Kahlbaum's 
c.  p.  I  zinc,  and  sheets  of  c.  p.  nickel.  They  were  1.2  cm.  in  breadth  and 
4.2  cm.  in  length,  being  firmly  held  at  the  ends  by  copper  clamps  through 
which  the  primary  currents  of  electricity  and  heat  were  led  into  and 
out   of   the   specimens.     Four   copper-constantan   thermocouples  were 
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attached  at  intervals  of  1.2  cm.  along  the  longitudinal  axis  of  the  speci- 
men, and  two  others  were  attached  at  the  centers  of  its  upper  and  lower 
edges.  By  means  of  these  the  temperatures  of  different  points  on  the 
specimen  were  determined,  the  copper  wires  of  the  thermocouples  being 
also  used  to  determine  electric  potential  differences.  The  thermo- 
elements were  used  with  a  potentiometer  reading  to  one-twentieth  of  a 
microvolt,  the  galvanometer  being  a  Leeds-Northrup  High  Sensitivity 
Type  R.  The  specimen,  together  with  its  clamps,  was  placed  within  an 
evacuated  tube  connecting  two  flasks  of  the  Dewar  type  in  which  liquids 
could  be  placed  with  which  to  maintain  steady  temperature  conditions. 
The  tube  was  placed  between  the  poles  of  a  large  Pye  electromagnet 
by  means  of  which  fields  were  produced  ranging  from  about  4000  to 
5200  gauss. 

In  order  to  reduce  the  loss  of  heat  through  the  thermocouples  these 
were  made  of  No.  44  copper  and  No.  34  constantan  wire. 

The  results  obtained  are  collected  in  Table  I ;  R,  P,  Q  and  S  being, 
respectively,  the  coefficients  of  the  Hall,  Ettingshausen,  Nernst  and  Leduc 
effects.  The  Hall  coefficient  is  defined  by  the  equation  E  =  R{HI/D), 
where  H  is  the  intensity  of  the  magnetic  field  in  gausses,  /  is  the  primary 
electric  current  through  the  specimen  in  amperes,  D  is  the  thickness  of 
the  specimen  in  cm.,  and  E  is  the  resulting  electric  difference  in  potential 
between  the  two  edges  expressed  in  volts.  Similarly,  the  Ettingshausen 
coefficient  is  given  by  the  equation  T  =  P{HIID),  where  T  is  the  resulting 
temperature  difference  between  the  edges  expressed  in  degrees  Centigrade. 
The  coefficient  of  the  Nernst  effect  is  given  by  £  =  QHBidtjdx),  where 
B  is  the  breadth  of  the  specimen  in  cm.  and  dtjdx  is  the  primary 
temperature  gradient.  The  coefficient  of  the  Leduc  effect  is  given  by 
T  =  SHB{dt/dx),  the  symbols  having  the  same  significance  as  before. 
The  sign  of  these  effects  is  taken  as  positive  when,  the  magnetic  field 
being  directed  away  from  the  observer  and  the  primary  current  of  heat 
or  electricity  flowing  from  left  to  right,  the  upper  edge  of  the  specimen 
is  at  the  higher  temperature  or  potential. 


Table  I. 


HaU  Effect. 

Nernst  Effect. 

Leduc  Effect. 

Temp. 

«c. 

R 

Temp. 

P 
X  ic^. 

Temp. 

«c. 

Q 

Temp. 

«c. 

S 
XiC. 

Cadmium, 

+42.0 
+49.3 

-f     8.50 
+  11.67 

-1-51.2 

-1-5.96 

+39.4 

0 

+39.4 

-   1.87 
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LSBRns. 


Nickel, 


H-S7.2      +770.7 


+55.8       +3.67 


-11.4 
+37.6 


+ 
+ 


8.36 
27.47 


-11.8     ;  0 

+38.9     I     -10.17 


Zinc, 


-24.7 

+  15.33 

-17.1 

0 

-16.2 

+290.0 

-16.2 

+37.59 

+25.5 

+     8.20 

+45.2 

+1.76 

+37.2 

-  6.25 

+37.2 

+  4.00 

+32.6 

+     8.38 

+60.7 

+2.27 

+39.9 

+     8.18 

+76.7 

+3.02 

+41.2 

+     8.23 

+76,7      +    9.82 

. 
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THEORY  OF  IONIZATION   BY  CUMULATIVE  ACTION  AND 
THE  LOW  VOLTAGE  ARC. 

By  Karl  T.  Compton. 
Synopsis. 

Theory  of  Ionization  by  Cumulaiive  Action  of  Successive  Impacts  by  Electrons  and 
by  Quanta  of  Resonance  Radiation. — The  phenomena  of  the  low-voltage  arc  seem  to 
require,  for  their  explanation,  ionization  of  the  gas  molecules  in  two  (or  more) 
successive  stages.  In  the  theory  here  developed  it  is  supposed  that  each  electron 
from  the  cathode  after  falling  through  a  minimum  potential  difference  reaches 
an  active  zone  in  which  it  collides  either  with  a  neutral  molecule  and  partially 
ionizes  it  or  with  a  partially  ionized  molecule  which  thereby  becomes  completely 
ionized.  Each  molecule  when  partially  ionized  emits  a  quantum  of  resonance 
radiation  and  this  may  go  off  in  any  direction  and  will  in  a  short  distance  be  absorbed 
by  a  neutral  molecule  which  thereby  becomes  partially  ionized  and  emits  another 
quantum  of  radiation.  So  the  passage  through  the  gas  of  the  quanta  of  resonance 
radiation  initially  set  free  by  electronic  impacts  is  analogous  to  the  diffusion  of  foreign 
gas  molecules.  Equations  for  the  case  of  coaxial  cylindrical  electrodes  are  derived  for 
the  proportion  of  molecules  partially  ionized  (i)  by  direct  impact  and  (2)  by  reso- 
nance radiation  in  terms  of  quantities  which  can  all  be  readily  measured  except  r 
the  mean  life  of  the  ionized  molecules  and  i/p  the  scattering  coefficient  for  the 
radiation,  for  which  (except  p  for  mercury)  only  upper  and  lower  limits  can  l^  esti- 
mated. The  substitution  of  experimentally  determined  values  leads  to  the  conclusion 
that,  under  normal  circumstances,  partial  ionization  by  photo-impact  is  many  timetf 
as  great  as  that  by  electronic  impact  alone  and  is  necessary  and  sufficient  to  ac- 
count for  the  observed  ionization.  The  possibility  of  complete  ionization  by  success- 
ive photo-impacts  alone  is  also  discussed. 

Theory  of  Low-voltage  Arc. — If  no  is  the  number  of  electrons  emitted  and  Po  is 
the  proportion  of  partially  ionized  molecules  in  the  active  zone.  noPo  is  the  number 
of  molecules  ionized  per  second.  Since  the  positive  ions  move  more  slowly  than 
electrons,  each  positive  ion  neutralizes  the  space  charge  due  to  4  V  (3  X  i840if) 
electrons;  hence  the  electronic  current  increases  to  1/(1  —  2^2Pq^M)  times  the 
value  it  would  have  without  ionization,  provided  the  current  is  limited  by  the 
space  charge  around  the  cathode.  As  Po  is  increased  by  increasing  the  temperature 
of  the  filament  or  the  applied  potential,  the  current  first  increases  to  the  saturation 
thermionic  current,  then  the  negative  space  charge  is  replaced  by  a  positive  space 
charge,  the  potential  drop  becomes  concentrated  near  the  cathode,  the  temperature 
of  the  cathode  is  raised  by  bombardment  by  positive  ions,  increasing  fio  and  hence 
Po;  as  a  result  the  current  increases  at  an  accelerated  rate,  instability  is  usually  soon 
reached  and  the  arc  strikes  suddenly.     The  chief  function  of  the  gas  is  to  give  the 


Digitized  by 


Google 


284  KARL   T,  COMPTON.  [^^ 

positive  space  charge  around  the  cathode  which  is  the  distinguishing  feature  of  the 
arc.  If  ff  is  the  saturation  value  of  thermionic  emission,  the  maximum  current  will 
be  3/2n«  or  2ne  depending  on  whether  the  voltage  is  below  or  above  the  minimum 
ionizing  potential. 

Low-voUage  Arc  in  Mercury  Vapor. — Recent  experiments  indicate  that  the  striking 
voUagt  is  about  5.6  instead  of  4-9  volts,  and  that  the  arc  may  be  dependent  on  either 
the  4.9  volt  (2536  A.)  or  the  6.7  volt  (1849  A.)  radiation  according  to  the  age  of  the 
vapor.'    Thus  there  seem  to  be  two  rmta-stable  states  of  the  neutral  mercury  atom. 

Theory  of  Temperature  of  Ionization  of  Gases. — It  is  pointed  out  that  resonance 
radiation  must  also  be  the  chief  factor  in  temf>erature  ionization  both  in  the  electric 
furnace  and  in  the  sun  and  other  stars. 

I.  Introduction. 

IN  two  recent  papers  the  writer  emphasized  the  impossibility  of  ex- 
plaining low  voltage  arcs  by  ionization  of  gas  molecules  by  single 
electron  impacts.^  By  a  low  voltage  arc,  is  meant  one  which  strikes  and 
operates  at  a  voltage  less  than  the  minimum  ionizing  potential  of  the 
gas.  The  phenomena  seem  to  demand,  for  their  explanation,  ionization 
of  gas  molecules  in  successive  stages  by  two  or  more  separate  agents. 
Hughes  has  suggested  the  name  ** cumulative  ionization"  to  describe 
such  effects  and  has  given  a  survey  of  the  subject  in  his  recent  Report 
on  Photoelectricity.*  Cumulative  action  is  probably  an  important 
factor  also  in  temperature  ionization,  but  it  is  in  the  low  voltage  arc  that 
it  can  be  most  easily  investigated. 

There  are  three  possible  processes  of  cumulative  ionization  which  seem 
reasonable  in  the  light  of  our  present  knowledge:  (i)  Ionization  by 
Successive  Impact;  (2)  Photo-Impact  Ionization;  (3)  Ionization  by 
Successive  Photoelectric  Action.  In  the  first  of  the  writer's  earlier 
papers  an  attempt  was  made  to  test  the  first  of  these  possibilities.  The 
equations  there  derived,  however,  are  not  accurately  applicable  to  actual 
experimental  conditions,  so  that  the  conclusions  reached  in  the  former 
paper  must  be  considered  as  quite  tentative.  In  the  present  paper  the 
first  two  of  these  processes  are  tested  by  comparing  the  amount  of 
ionization  observed  experimentally  with  the  amount  predicted  by  each 
of  the  processes  under  the  conditions  of  the  experiment.  While  there  is 
uncertainty  regarding  the  magnitude  of  several  quantities  appearing  in 
the  equations,  yet  the  argument  leads  to  some  important  and  fairly 
definite  conclusions. 

2.     (a)  Total  Current  in  Absence  of  Arc. 

Let  Fig.  I  represent  a  discharge  tube,  in  which  A  is  the  anode  and  C  is 

the  incandescent   cathode  which   emits   the   electrons  whose  impacts 

»  Phys.  Rev.,  15,  p.  476,  1920;  Phil.  Mag.»  43,  p.  531,  1922. 
« National  Research  Council  Bull.,  Vol.  2,  No.  10. 
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against  gas  molecules  may  result  in  their  complete  or  partial  ionization. 
If  the  applied  accelerating  potential  diflference  V  exceeds  the  minimum 
radiating  potential  Vr  of  the  gas,  there  will  be  inelastic  collisions,  and 
partial  ionization  of  some  of  the  molecules,  together  with  emission  of 
resonance  radiation,  will  occur.  Let  the  shaded  area  represent  the  region 
in  which,  on  the  average,  these  effective  impacts  occur.  As  a  result  of 
these  collisions,  suppose  a  fraction  P  of  the  molecules  in  this  shaded 
region  to  be  in  a  partially  ionized  state,  capable  of  being  completely 
ionized  by  the  impact  of  any  electron  which  has  not  yet  lost  its  energy. 
If  n  electrons  leave  the  cathode,  then  Pn  is  the  resulting  amount  of 
ionization. 

Each  molecule  thus  ionized  adds  to 
the  total  current  in  two  ways:  (i)  by 
contributing  two  additional  ions,  and 
(2)  by  the  effect  of  the  relatively  slowly 
moving  positive  ions  in  neutralizing  some 
of  the  space  charge  around  the  filament 
and  thus  permitting  the  escape  of  more 
electrons  from  it.  These  additional  elec- 
trons may  also  be  effective  in  producing 
further  ionization,  which  will  liberate 
more  electrons,  and  so  on.     The  total  p.    j 

resulting  current  can  thus  be  expressed 

as  the  sum  of  an  infinite  number  of  terms,  forming  a  converging  series, 
which  can  readily  be  expressed  in  a  simple  form  as  follows. 

Each  positive  ion  is  drawn  toward  the  cathode,  through  the  outward 
stream  of  emitted  electrons,  and  both  make  numerous  collisions  with 
molecules,  since  the  phenomena  in  which  we  are  interested  are  im- 
portant only  provided  the  mean  free  path  is  small  in  comparison  with 
the  distance  between  the  electrodes.  The  average  rate  of  motion  of  an 
ion  through  the  gas  is  proportional  to  X7,  where  X  is  its  mean  free  path 
and  c  is  its  average  velocity.  The  mean  free  path  of  the  electrons  is 
4V2  times  greater  than  that  of  the  ions  and  their  average  velocity  is 
Vi84oAf  times  greater,  where  M  is  the  molecular  weight  on  the  basis  of 
I  for  the  hydrogen  atom.  Thus  each  positive  ion  remains  in  the  region 
of  the  negative  space  charge  4V368oAf  times  as  long  as  an  escaping 
electron,  neutralizes  the  space  charge  of  that  number  of  electrons  and 
permits  that  number  to  escape  from  the  cathode.  Furthermore,  as  will 
be  shown  later,  the  probability  P  of  partial  ionization  of  a  molecule  in 
the  shaded  region  is  necessarily  proportional  to  the  number  of  bombarding 
electrons. 
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Let  no  be  the  number  of  electrons  which  would  leave  the  cathode  if  there 
were  no  ionization.  Due  to  these,  a  fraction  Po  of  the  molecules  in  the 
shaded  region  are  partially  ionized  and  the  resulting  number  of  molecules 
completely  ionized  is  noPo.  This  number  of  positive  ions  liberates 
4  V368oAfnoPo  additional  electrons  from  the  cathode.    Thus 

n'  =  no(i  +  4  V3680MP0) 

electrons  would  leave  the  cathode  if  only  the  original  «o  could  ionize. 
Putting,  for  the  present,  4  V368oAfPo  =  Cno,  we  have 

n'  =  no(i  +  Cfh). 

But,  if  we  include  the  effect  of  ionization  due  to  those  electrons  liberated 
by  positive  ions  produced  by  the  no  electrons,  we  have 

n"  =  no(i  +  Cn')  =  no(i  +  Cno  +  C*no*). 
Similarly 

n'''  =  no(i  +  Cn")  =  no(i  +  Cno  +  Chh^  +  C»no«) 

is  the  number  of  emitted  electrons  if  we  include  ionization  due  to  all 
the  n"  electrons.  The  actual  total  number  of  electrons  leaving  the 
cathode  is  seen  to  be 


n  =  no(i  +  Cno  +  C*no*  +•••)  = 
Thus  we  have 


no 


I  -  Cno 


no  ,  . 

n  = 7=^= »  (i) 

I  -  4  V368oilf Po 

provided  the  current  is  limited  by  the  negative  space  charge  around  the 
cathode. 

It  is  easily  possible  to  measure  n  and  to  calculate  no  by  the  relation^ 
no  a  V^^t  determining  the  constant  of  proportionality  by  measurements 
of  n  at  values  of  V  less  than  Fr,  where  n  and  no  are  identical.  Thus' 
equation  (i)  enables  definite  values  of  P  to  be  determined  under  definite 
experimental  conditions  and  permits  a  quantitative  test  of  the  values  of 
P  predicted  by  the  theories  of  ionization  by  successive  impact  and  photo- 
impact  ionization  to  be  outlined  later. 

Incidentally,  this  equation  offers  an  explanation  of  the  striking  of  an 
arc.  As  Po  is  increased,  by  increasing  n©  or  the  applied  potential,  n 
increases  more  and  more  rapidly  and  would  become  infinite  when 


Po  =  1/4  V368oJif 
I  Langmuir,  Phys.  Rev.,  2,  p.  402,  1913. 
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were  it  not  limited  to  the  value  corresponding  to  the  saturation  thermionic 
current  at  the  temperature  of  the  cathode.  The  number  of  available 
electrons  being  thus  limited,  the  negative  space  charge  becomes  neu- 
tralized and  is  finally  replaced  by  a  positive  space  charge  as  the  voltage 
is  raised.  As  the  space  charge  becomes  positive,  the  potential  drop 
becomes  concentrated  near  the  cathode,  so  that  the  electrons  attain 
their  critical  speed  within  a  short  distance  of  the  cathode.  This  con- 
centration of  the  region  of  effective  impacts  tends  further  to  increase  the 
probability  of  cumulative  ionization,  measured  by  P,  At  the  same  time 
the  temperature  of  the  cathode  is  raised  by  the  bombardment  of  the 
positive  ions,  which  increases  no  and  Po.  Thus,  after  ionization  sets  in, 
the  current  increases  at  an  accelerated  rate  as  the  voltage  is  raised.  This 
increase  may  be  slow  or  rapid,  depending  on  the  value  of  «o,  so  that  the 
setting  in  of  the  arc  may  be  made  gradual  enough  to  be  experimentally 
followed  in  all  of  its  stages.  Usually,  however,  the  conditions  near  the 
arcing  voltage  are  such  that  Po  spontaneously  increases  as  a  result  of 
the  more  favorable  distribution  of  potential  and  the  increase  in  the 
cathode  temperature,  so  that  a  point  of  instability  is  reached  at  which 
the  arc  strikes  suddenly, — the  further  increase  of  current  occurring 
spontaneously.  In  any  case  the  presence  of  a  positive  space  charge 
around  the  cathode  is  the  distinguishing  feature  of  an  arc. 

2.     (6)  Total  Current  in  Arc. 

If  the  arc  is  operating  at  a  voltage  a  little  larger  than  the  minimum 
ionizing  potential  F,-,  the  maximum  current  is  obtained  if  each  of  the  n 
electrons  emitted  from  the  cathode  ionizes  a  molecule,  so  that  the  total 
current  is  (n  -f  n)e  =  2ne, 

If  the  arc  operates  at  a  voltage  between  the  minimum  radiating 
potential  Vr  and  the  minimum  ionizing  potential  Vi,  the  maximum 
possible  current  occurs  when  half  of  the  n  electrons  collide  to  partially 
ionize  molecules  and  the  other  half  complete  the  process  of  ionization. 
Thus,  in  the  low  voltage  arc,  the  maximum  current  is  (»  +  n/2)e  =  i/2ne. 
In  both  cases  n  is  the  saturation  value  of  thermionic  emission  from  the 
cathode  at  its  temperature. 

Recombinations  would  diminish  the  above  values  somewhat.  Prob- 
ably this  decrease  due  to  recombination  is  not  large  in  the  case  of  an 
•intense  arc,  since  each  loss  by  recombination  liberates  radiant  energy 
which  may  contribute  to  another  ionization,  and  since  the  ionization 
occurs  close  to  the  cathode  so  that  there  is  only  a  small  region  in  which 
electrons  and  positive  ions  exist  together. 

Thus  the  chief  function  of  the  gas  in  a  low  v6ltage  arc  is  to  give  a 
positive  space  charge  around  the  cathode,  causing  sufficient  potential 
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gradient  to  give  a  saturation  current  with  low  voltages,  and  to  raise  the 
cathode  temperature  by  ionic  bombardments  and  thus  increase  the 
saturation  current. 

The  foregoing*  conclusions  have   received   very  satisfactory  experi- 
mental support,  which  will  be  discussed  in  a  later  paper. 

3.  Theory  of  Ionization  by  Successive  Impacts. 
The  n  electrons  per  second  from  the  filament  are  drawn  through  the 
gas  and  attain  a  speed  corresponding  to  the  minimum  radiating  potential 
Fr.  Each  will  lose  its  energy  at  some  subsequent  impact  and  partially 
or  completely  ionize  the  impacted  molecule,  according  as  the  molecule 
was  in  the  normal  or  partially  ionized  state  before  impact.  Let  t  be 
the  average  interval  of  time  during  which  a  molecule  remains  partially 
ionized,  i.e.,  the  average  interval  between  excitation  and  radiation.  If 
6  is  the  thickness  and  /  the  length  of  the  layer  within  which,  on  the 
average,  these  eflfective  impacts  occur,  and  if  a  fraction  P  of  the  molecules 
are  partially  ionized  at  any  instant,  then  »(i  —  P)  molecules  are  partially 
ionized  each  second.  The  aggregate  time  of  activation  of  all  molecules 
partially  ionized  in  the  layer  6  per  second  is  n(i  —  P)t,  This,  divided 
by  the  number  of  molecules  in  the  layer,  gives  the  fraction  of  the  molecules 
in  the  region  of  effective  impacts  which  are,  at  any  instant,  in  the  partially 
ionized  state  as  the  result  of  a  direct  electron  impact.     Calling  this  P„ 

we  have 

n(i  -  P)r 


Pi  = 


vNp 


where  p  is  the  gas  pressure,  N  the  number  of  gas  molecules  per  unit 
volume  at  unit  pressure  and  v  the  volume  of  the  layer  in  which  effective 
impacts  occur.  If  the  electrodes  are  coaxial  cylinders,  as  in  Fig.  i, 
V  =  27r(fe  +  c)f5. 

Furthermore,  P  is  always  very  small  compared  with  unity  unless  the 
arc  has  already  struck,  as  is  evident  from  equation  (i).  Under  these 
conditions 

nr 

*  "  2ir{b  +~c)f8Np  '  ^^^ 

In  order  to  apply  this  equation  it  is  necessary  to  know  (b  +  c)  and  6. 
Simple  consideration  of  the  distribution  of  potential  (see  Fig.  i)  shows 
that 

V-Vr        a 

(b  +  c)=at       ''"'"'s  (3) 

where  a  arid  c  are  the  respective  radii  of  anode  and  cathode. 

The  calculation  of  8  is  more  difficult,  for  it  depends  on  the  average 
distance  which  the  electrons  move  beyond  the  point  at  which  they  have 
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acquired  energy  eVr  before  making  an  effective  impact,  and  also  on  the 
distribution  of  velocities  of  electrons  which  causes  them  to  gaiti  the 
critical  energy  at  different  distances  from  the  cathode. 

Suppose,  first,  that  all  n  electrons  are  emitted  from  the  cathode  with 

0...  ... 

V i^-'-t'O 

Fig.  2. 

the  same  speed.  Since  all  collisions  at  speeds  less  than  the  minimum 
radiating  speed  are  perfectly  elastic,  they  all  attain  this  critical  speed  at 
the  equipotential  surface  V,  whose  position  we  shall  specify  by  x  =  o. 

V  =  ^^^  (4) 

is  the  number  of  collisions  made  by  an  electron,  whose  mean  free  path 
in  the  gas  at  unit  pressure  is  /,  in  advancing  unit  distance.*  E  is  the 
electric  intensity  and  r  is  a  numerical  factor  whose  value  lies  between 
0.87  and  unity,  and  which  may  be  neglected  in  our  present  work.  If 
n'  out  of  the  n  electrons  reach  the  surface  x,  at  potential  t/,  without 
having  lost  their  energy  at  an  intervening  impact,  then  n'vdx  of  these 
will  collide  in  the  ensuing  layer  of  thickness  dx.  The  probability  that 
any  one  of  these  impacts  will  be  effective  in  activating  a  molecule  is 
known  to  be,  at  least  approximately,  of  the  form  (t/  —  Vr)/Vr  =  Ex/Vr^ 
Thus  the  decrease  in  n'  in  passing  through  the  layer  dx  is 

dn'  =\  —  ^  vn'xdx, 

V  r 

whence 

The  average  distance  which  the  electrons  go  beyond  the  surface  Vr  before 
colliding  effectively  is  xdn'/n,  integrated  over  all  possible  values  of  x,  or 


"Jo       Vr 


_Ev3^ 

vy^t     ^^^  dx. 


When  this  expression  is  integrated,  and  the  value  of  v  substituted  from 
equation  (4),  we  find 


^=4\-p' 


p  (5) 


which  is  about  two  thirds  of  the  electronic  mean  free  path. 

*  Benade  and  Compton,  Phys.  Rev.,  ii,  p.  194,  1918. 
« Compton,  Phys.  Rev.,  15,  p.  482,  1920. 
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This  expression  would  give  the  appropriate  value  of  6  (to  at  least  the 
right  order  of  magnitude)  if  all  electrons  left  the  cathode  with  equal 
speeds.  Actually,  however,  they  have  initial  speeds  distributed  approxi- 
mately according  to  Maxwell's  Law,  and  with  an  average  energy  «  7  =  aT 
characteristic  of  gas  molecules  at  the  temperature  of  the  cathode.^ 

Thus  the  electrons,  on  the  average,  attain  their  critical  energy  eVr 
within  a  layer  whose  thickness  is  5'  =  V/E.  Since  this  layer  is  distant 
(6  +  c)  from  the  axis, 

V 


E  = 


Therefore, 


(6  +  c)  log  a/c 


S'  =  -ib  +  c)log-' 


(6) 


The  value  of  5,  at  least  to  a  close  approximation,  is  given  by  the  sum 
of  equations  (5)  and  (6) .  An  idea  of  the  magnitude  of  z  and  d'  is  obtained 
from  the  following  calculations  for  mercury  and  helium,  which  have 
extremely  small  and  large  values,  respectively,  of  the  electronic  mean 
free  path. 

Table  I. 

For  Hg  :  i  -  0.0133  cm.;         Vr  -    4.9  volts. 
He  :  i  «  0.1175  cm.;         Vr  «  20.4  volts. 
Take  V  =  Vr  +  1.         a  -  0.5  cm..         c  -  0.025  eft. 


p  (mm.). 

X  (cm.). 

I^K. 

a'  (cm.). 

Hg. 

He. 

Hg. 

He. 

1 

2 

10 

0.0083 
0.0041 
0.0008 

0.0732 
.0.0366 
0.0073 

2000 
2500 
3000 

0.0375 
0.0470 
0.0561 

0.0150 
0.0187 
0.0225 

It  is  seen  that  6'  is  more  important  than  2  except  at  low^  pressures, 
particularly  in  the  case  of  the  heavier  elements. 

Returning  to  equation  (2),  we  have  for  the  final  expression 


Pi  = 


riT 


2T{b  +  c)fNp 


Wi'^+ff" 


+  c)log? 


(7) 


in  which  (b  +  c)  is  given  by  equation  (3).  All  quantities  appearing 
here  are  known  or  can  easily  be  measured  except  r,  which  may  tentatively 
be  assigned  a  value  of  probably  the  right  order  of  magnitude. 

4.    Theory  of  Photo-Impact  Ionization. 
On  this  theory,  impacts  in  the  shaded  layer  produce  resonance  radia- 
tion which  is  absorbed  and  reemitted  by  atom  after  atom  before  escaping 

» Sih  Ling  Ting.  Roy.  Soc.  Proc.  A.,  98,  p.  374,  192 1. 
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from  the  gas,  so  that,  as  a  result  of  each  atom  which  is  "activated"  by 
a  direct  impact,  many  others  are  indirectly  activated  through  absorption 
of  radiation.  Thus  the  probability  Pr  that  an  atom  in  the  shaded  region 
of  effective  impacts  is  in  a  partially  ionized  condition  as  a  result  of 
absorbed  radiation  is  greater  than  the  probability  Pi  of  activation  by 
direct  impact.    Our  problem  is  to  derive  an  expression  for  Pr. 

It  will  be  seen  that  the  passage  of  radiation  of  the  resonance  type 
through  the  gas  may  be  handled  by  expressions  of  the  same  type  used 
to  describe  the  diffusion  of  ions  or  of  foreign  molecules  through  a  gas. 
A  beam  of  light,  passing  through  an  absorbing  or  scattering  medium  falls 
off  in  intensity  according  to  the  law  /  =  /o€~*'*,  where  a  is  the  absorption 
coefficient.  A  stream  of  particles  passing  through  a  gas  is  reduced  by 
collisions,  or  scattering,  according  to  the  law  n  =  noe"**^',  where  /  is  the 
mean  free  path.  By  analogy,  let  us  call  X  the  mean  free  path  of  the 
radiation,  defining  it  as  the  reciprocal  of  the  absorption  coefficient,  or 
the  distance  in  which  the  intensity  of  a  beam  falls  to  i/e  of  its  value  as  a 
result  of  resonance  scattering.  Then  the  average  speed  of  the  radiation 
c  is  this  distance  X  divided  by  the  time  of  ** activation"  r.  We  may 
then  apply  the  diffusion  equation 

where  N'  is  the  number  of  activated  atoms  per  unit  volume  at  any  point 
in  the  gas,  R  is  the  net  rate  at  which  atoms  are  becoming  activated  by 
direct  electron  impacts  and  n  is  the  outward  normal  to  the  closed  surface 
over  which  the  surface  integral  and  within  which  the  volume  integral 
are  taken. 

This  equation  may  have  a  mere  formal,  and  not  a  physical,  similarity 
to  the  case  of  diffusion  of  particles.  However,  there  are  grounds  for 
quantelizing  the  radiant  energy  in  units  of  magnitude  hv,  since  it  is 
known  that  this  amount  of  energy  is  absorbed  by  an  atom  in  becoming 
** activated"  and  it  must  be  emitted  again  when  the  atom  radiates  and 
returns  to  the  normal  state.  In  this  case  the  mean  free  path  X  may  be 
physically  similar  to  the  mean  free  path  of  a  gas  molecule.  However 
this  may  be,  it  seems  safe  to  use  equation  (8)  to  calculate  N\  which  is 
our  purpose. 

Referring  to  Fig.  i,  n(i  —  P)  quanta  of  resonance  radiation  are  pro- 
duced by  electron  impacts  each  second  in  the  cylindrical  layer  of  radius 
(6  +  c),  length /and  thickness  5.  Some  of  this  radiation  diffuses  toward 
the  anode  and  some  toward  the  cathode.  Let  the  corresponding  numbers 
of  quanta  be  na(i  —  P)  and  tied  —  P),  respectively.     There  will  be  one 
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cylindrical  surface  within  the  layer  6  across  which  the  net  radiation  flux 
will  be  zero  and  which  we  may  call  the  neutral  surface.  If  we  apply 
equation  (8)  to  the  region  bounded  by  this  surface  and  a  co-axial  surface 
of  radius  r,  lying  outside  the  neutral  surface,  we  have 

3     »^ 

whence 

2t/Xc 

is  the  value  of  N'  at  any  point  outside  the  neutral  surface,  distant  r  from 
the  axis.  If  the  reflecting  power  of  the  electrodes  for  resonance  radiation 
is  negligibly  small,  as  is  approximately  the  case  for  most  substances, 
Na'  =  o  when  r  =  o,  so  that 

iy/  =  3»a(i-P)i     g. 
27r/Xc  r 

Similarly,  at  points  inside  the  neutral  surface, 

iV/  =  3ne(i-P),     r 
27r/Xc  c 

We  have  no  +  »c  =  w  and  at  the  neutral  surface  r  =  (6  +  c)  we  have 
Nc!  =  NJ  =  N',  From  these  relations  it  is  easily  shown  that,  at  the 
neutral  surface, 

,         a     .      b  +  c 

^.^zMj_-.nll±sl"lz^.  (9) 

log  - 
c 

We  implicitly  assumed,  in  deriving  this,  that  the  thickness  b  is  negligible 
in  comparison  with  the  distance  between  the  electrodes.  This  is  nearly 
enough  true  in  cases  where  low  voltage  arcs  can  be  obtained.  If  the 
reflecting  power  of  the  electrodes  for  resonance  radiation  were  con- 
siderable, equation  (9)  would  take  a  more  complicated  form.  It  should, 
however,  give  results  of  the  right  order  of  magnitude  in  the  cases  to 
which  we  wish  to  apply  it. 

If  the  space  charge  around  the  cathode  is  negative,  and  if  the  voltage 
V  is  not  much  larger  than  Fr,  then  the  critical  layer  6  is  near  the  anode 
and  we  may  replace  a  by  (i  +  c)  in  the  denominator,  so  that 


^,  ,  3^(1  -  P) 


log 


27r/Xc  b  +  c 

Substituting  for  {b  +  c)  from  equation  (3)  we  have 


^,^3n(x-P)7-F,        a. 

27r/Xc  V  c  ^     ^ 
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If  i/p  18  the  scattering  coefficient  of  the  gas  at  unit  pressure  for  the 
resonance  radiation,  t.f .,  p  is  the  distance  in  which  the  intensity  of  a  beam 
would  fall  to  i/c  of  its  value,  then  pjp  is  the  scattering  coefficient  at 
pressure  p.  If  a  fraction  P  of  the  atoms  are  partially  ionized,  and  there- 
fore unable  to  absorb  resonance  radiation,  we  have 

X  =    ,    ^    „,  (11) 

as  the  definition  of  the  effective  mean  free  path  X  of  the  radiation.  Putting 
c  =  X/r,  we  have 

2Trjfr        V  c 

since  the  factor  (i  —  P)'  may  be  neglected  owing  to  the  small  value  of  P 
possible  by  equation  (i). 

We  can  now  derive  Pn  the  fraction  of  atoms  in  an  activated  state 
because  of  absorbed  resonance  radiation,  for  Pr  =  N'jNp,  where  Np 
is  the  number  of  molecules  per  unit  volume.    Thus,  finally, 

„         3/WT    V  —  Vr.     a  ,    . 

5.    Importance  of  P»  and  Pr. 
The  total  probability  of  partial  ionization  in  the  region  of  effective 
impacts  is  P  =  Pi  +  Pt*     It  is  found  that  Pr  is  much  larger  than  Pl- 
under conditions  in  which  low  voltage  arcs  are  obtained,  for 

P.  ^  2,^{)>  +  c)h  V-  Vr ,     a 
Pi  P'  V         ^c' 

8  is  the  sum  of  x  and  6'  and  is  seen,  in  Table  I.,  to  be  of  the  order  of  o.oi. 
(b  +  c)  log  a/c  is  of  the  order  of  unity  in  ordinary  apparatus.  If  the 
arc  strikes  at  about  o.i  volt  above  the  minimum  radiating  potential^ 
(V  —  Vr)/V  is  of  the  order  of  o.oi.  The  pressures  range  from  0.5  to 
10  mm.  R.  W.  Wood  ^  gives  data  from  which  p  may  be  calculated  to 
be  0.000675  cm.  for  the  2536  line  of  mercury  vapor.  Lamb  *  gives  a 
very  general  law  of  resonance  scattering,  applicable  if  every  molecule 
possesses  an  oscillator  of  proper  frequency,  from  which  it  is  readily 
shown  that 

»  Recent  Researches  in  Physical  Optics. 

*  Camb.  Phil.  Soc.  Trans.,  18,  Stokes  Commemoration,  1900. 
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where  Xr  is  the  wave-length  of  the  resonance  radiation.  This  gives  a 
minimum  possible  value  of  p  which,  in  the  case  of  the  mercury  2536  line, 
is  10,200  times  smaller  than  the  experimental  value,  indicating  that  not 
all  the  molecules  contain  this  type  of  oscillator  or  that  their  natural 
frequencies  are  distributed  over  a  sufficient  frequency  range  to  account 
for  the  discrepancy.  As  far  as  the  writer  is  aware,  p  has  not  been  experi- 
mentally determined  in  any  case  except  for  the  mercury  2536  radiation. 

Using  the  experimental  value  of  p  for  mercury,  it  is  found  that  the 
ratio  Pr/Pi  is  of  the  order  of  10,000.  Under  any  ordinary  conditions, 
therefore,  the  direct  effect  of  impacts  is  negligible  in  comparison  with 
the  indirect  effect  due  to  radiation  in  producing  partially  ionized  atoms, 
capable  of  ionization  by  a  low  velocity  impact. 

The  above  comparison  is  possible  without  any  knowledge  of  the  time 
interval  t  or  the  magnitude  of  the  thermionic  current.  It  is  of  interest, 
also,  to  see  whether  the  probable  absolute  values  of  Pr  or  Pi  are  of  the 
right  order  of  magnitude  to  explain  the  size  of  the  currents  at  which 
low  voltage  arcs  are  observed  to  strike. 

Take  the  following  reasonable  values  for  the  quantities  involved. 
a  =  0.5  cm.,  c  =  0.025  cm.  (20  mil  wire),/  =  i  cm.  give  the  dimensions 
of  the  apparatus.  Vr  =  4.9  volts,  /  =  0.0133  cm.  for  mercury  and 
Vr  =  20.4  volts,  /  =  0.1 175  cm.  for  helium  are  definite  constants,  as 
are  also  iV=3.6(io)^*  per  c.c,  a  =  2(io)''^*  ergs/degree  and  f =4.77(10)"^** 
e.s.u.  V  ^  Vr  +  I  is  a.  striking  voltage  for  an  arc  in  mercury  or  helium 
which  is  very  easily  realized  with  only  moderate  thermionic  currents. 

r  =  6(10)"'^  sec.  is  the  most  favorable  experimental  value  determined 
for  any  substance.^  It  was  found  for  the  Da  line  of  helium.  No  de- 
termination of  r  for  a  resonance  line  has  ever  been  made.  This  is  the 
most  uncertain  value  entering  into  the  calculations,  n  =  1.84(10)^*7*'*, 
where  V  is  in  volts,  gives  the  largest  (hence  most  favorable)  possible 
thermionic  current.  This  is  calculated  from  Langmuir's  formula  for 
the  current  limited  by  space  charge  in  vacuo.  Actually  the  current  is 
less  than  this,  since  the  presence  of  gas  around  the  cathode  reduces  the 
rate  of  escape  of  electrons  and  thus  increases  the  space  charge  for  a  given 
number  of  electrons.  Furthermore,  it  is  found  experimentally  that  the 
currents  need  not  be  nearly  so  large  as  this  to  produce  an  arc  at  I^  =  Vr 
+  I.     Nevertheless,  take  this  as  the  most  favorable  possible  value. 

p  =  0.000675  cm.  for  mercury  vapor,  and  is  unknown,  but  probably 
smaller,  for  helium. 

Substitution  of  these  values  in  equation  (7)  for  P,-  gives  the  results  in 
Table  II. 

^Stark,  Ann.  d.  Phys.,  49,  p.  731,  1916. 
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Table  II. 

Values  of  Pi, 


p  (mm.). 

r»K. 

Hg. 

He. 

1 

2000 

5.1  (lO)-' 

12.6  (lO)-' 

2 

2.8 

10.8 

10 

0.6 

5.0 

1 

2500 

4.7 

12.1 

2 

2.6 

10.0 

10 

0.55 

4.2 

1 

3000 

4.1 

11.6 

2 

2.2 

9.4 

10 

0.46 

3.7 

If  these  results  are  substituted  in  equation  (i)  we  find  n/tio,  or  the 
ratio  in  which  ionization  has  increased,  the  total  current  just  before  the 
striking  of  the  arc,  as  shown  in  Table  III. 

Table  III. 

Values  of  n/no. 


p(mm,). 

roK. 

Hg. 

He. 

1 

2 

10 

2000 

1.00177 
1.00096 
1.00021 

1.00061 
1.00052 
1.00024 

1 

2 

10 

2500           1.00161 
1.00089 
1.00019 

1.00059 
1.00048 
1.00020 

1 

2 

10 

3000 

1.00141 
1.00075 
1.00016 

1.00056 
1:00045 
1.00018 

These  values  are  entirely  inadequate  to  account  for  the  experimentally 
observed  values  of  n/no,  which  may  range,  roughly,  from  2  to  100. 
Furthermore,  they  indicate  variation  both  with  pressure  and  temperature 
which  is  in  a  direction  opposite  to  that  observed. 

R.  W.  Wood  ^  has  recently  shown  that,  in  the  excitation  of  fluorescence 
of  mercury  vapor  by  light  of  wave-length  1850-2100  A.,  there  Is  a  definite 
time  interval  of  1/15,000  second  between  the  absorption  of  the  light  and 
the  subsequent  bursting  into  luminosity  by  the  vapor.  If  this  is  the 
time  interval  which  is  effective  in  the  present  problem,  we  should  put 

»  Roy.  Soc  Proc.  A..  99,  p.  362,  192 1. 
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T  =  6.7(10)"*  sec,  which  is  about  1 10  times  larger  than  the  value  assumed 
above.  Substitution  of  this  quantity  gives  values  of  Pi  for  mercury 
ranging  between  5.6(10)""*  and  0.5(10)""*  and  values  of  n/wo  between  1.24 
and  1.02  in  the  above  tables.  These  values  approach  in  magnitude  the 
observed  values  of  n/not  but  are  still  too  small.  Furthermore,  the 
assumed  maximum  value  of  n  is  about  200  times  larger  than  actual 
values  of  n  at  which  low  voltage  arcs  can  be  obtained  in  mercury  vapor. 
Taking  this  into  account  it  seems  as  if  the  values  of  n/wo  in  Table  III. 
represent  the  predictions  of  the  Theory  of  Successive  Impacts  fairly 
accurately.  In  any  case  the  indications  are  that  successive  impacts 
play  a  relatively  insignificant  part  in  cumulative  ionization. 

Turning  now  to  photo-impact  ionization  and  substituting  the  above 
values  in  equation  (13)  for  Pr,  we  find  Pr  =  0.055;^  in  the  case  of  mercury 
vapor.  No  calculation  can  be  made  for  helium  because  of  lack  of 
knowledge  of  p.  At  pressures  at  which  a  low  voltage  arc  will  strike  in 
mercury,  i.^.,  above  about  0.15  mm.,  this  value  of  Pr  is  more  than 
sufllicient  to  cause  the  arc  to  strike,  as  indicated  by  putting  n/no  =  <» 
in  equation  (i).  For  instance,  at  I  mm.  pressure,  the  calculated  value 
is  about  180  times  as  large  as  necessary  to  produce  the  arc.  In  other 
words,  the  theory  would  predict  an  arc  at  a  thermionic  current  at  least 
180  times  less  than  the  maximum  possible  current  which  was  assumed 
above.  This  is  in  good  agreement  with  observations  in  an  experiment, 
still  in  progress,  by  Mr.  Y.  T.  Yao  and  the  writer.  1/180  part  of  the 
value  of  n  assumed  above  is  1.46(10)^',  which  corresponds  to  a  thermionic 
current  of  2.2  micro-amperes.  In  an  apparatus  of  the  dimensions 
assumed  above,  and  under  approximately  the  assumed  conditions,  the 
arcs  strike  at  currents  of  a  few  micro-amperes. 

Thus  it  appears  probable  that  the  ionization  observed  in  gases  at 
voltages  less  than  their  minimum  ionizing  voltages  is  due  chiefly  to 
photo-impact  ionization.  We  cannot  say  more  than  this  until  the 
constant  t  is  measured  for  the  resonance  radiation  of  those  gases  in 
which  low  voltage  arcs  can  be  obtained,  t.«.,  monatomic  gases  and  vapors.^ 

1  Note. — Hughes  has  pointed  out  the  fact  that,  in  a  gas  whose  minimum  radiating  potential 
is  less  than  half  the  ionizing  potential,  no  two  cumulative  effects  at  this  voltage  could  con- 
tribute sufficient  energy  for  ionization.  The  experiments  of  Mr.  Yao  and  the  writer  indicate, 
however,  that  proper  corrections  for  velocity  distribution  place  the  striking  voltage  of  the 
low  voltage  arc  in  mercury  at  about  5.6  volts,  instead  of  4.9  volts.  Thus  the  electron  impact 
against  the  partially  ionized  atom  must  contribute  an  amount  of  energy  sufficient  to  increase 
the  total  potential  energy  to  the  value  required  for  ionization,  as  demanded  by  theory. 
Furthermore,  experiments  to  be  later  described  by  Mr.  Yao  indicate  that  the  low  voltage 
arc  in  mercury  may  be  dependent  on  either  the  4.9  volt  (2356)  or  the  6.7  volt  (1849)  radiation 
according  to  whether  the  vapor  is  in  close  or  distant  communication  with  its  liquid  surface. 
This  and  spectroscopic  evidence  suggests  two  meta-stable  states  of  the  neutral  mercury  atom. 
Thus  the  actual  conditions  are  somewhat  more  complicated  than  those  assumed  in  the  theory. 
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6.  Ionization  by  Successive  Photoelectric  Action. 
F.  Horton  and  Miss  A.  C.  Davies  have  recently  suggested  that  the 
second  stage  in  the  process  of  ionization  may  also  be  accomplished  by 
the  absorption  of  radiation  from  neighboring  impacts.^  Their  experi- 
mental results  with  helium  prove  the  diffusion  of  resonance  radiation 
through  the  gas,  the  existence  of  photo-impact  ionization  and,  apparently, 
the  existence  of  ionization  by  photoelectric  action  on  atoms  which  are 
already  partially  ionized  by  absorption  of  radiation.  If  there  exists  a 
second  type  of  resonance  radiation  which  is  capable  of  ionizing  atoms 
which  have  partially  absorbed  the  first  type,  or  if  the  resonance  poten- 
tial exceeds  half  the  ionizing  potential,  we  should  expect  this  radiation 
to  be  more  effective  than  electron  impacts  in  completing  ionization, 
for  the  same  reason  that  radiation  is  more  effective  than  impacts  in 
producing  the  first  stage  of  ionization. '  An  attempt  to  reduce  this  type 
of  ionization  to  quantitative  form  led  to  some  suggestive  results, 
but  the  equations  become  so  complicated  and  the  relation  of  the 
second  photoelectric  process  to  the  first  involves  such  uncertain  hypoth- 
eses that  it  will  not  be  discussed  here.  The  importance  of  this  type  of 
ionization,  which  seems  proved  in  the  case  of  helium,  can  probably  best 
be  established  in  the  case  of  metallic  vapors  by  direct  experiment  or  by 
a  proven  inadequacy  of  the  two  alternative  processes  discussed  in  this 
paper. 

7.  Discussion. 

The  chief  result  which  seems  to  emerge  definitely  from  the  above 
discussion  is  that  resonance  radiation  plays  a  very  important  part  in 
ionization  at  low  voltages.  At  high  voltages  and  low  gas  pressures,  as 
in  the  Geissler  tube  discharge,  there  is  good  opportunity  for  ionization 
by  direct  single  impacts.  But  if  the  potential  drop  in  the  distance  of 
a  mean  free  path  is  much  less  than  the  ionizing  potential,  conditions  are 
unfavorable  for  direct  ionization  and  the  cumulative  type  of  ionization 
preponderates. 

If  we  carry  conditions  a  step  further 'in  the  same  direction  we  have 
the  case  of  purely  temperature  ionization,  in  which  there  is  no  potential 
drop  at  all.  Here,  presumably,  cumulative  ionization  is  practically  the 
only  type  and  resonance  radiation  is  an  essential  agent  in  the  process. 

This  concept  has  an  interesting  application  to  the  case  of  ionization 
in  the  solar  chromosphere,  recently  discussed  by  Saha.*  He  treats  the 
chromosphere  as  an  enclosure  at  constant  temperature  and  uses  Nernst's 
equation  of  the  isobar  to  calculate  the  degree  of  ionization  of  any  gas, 

*  Phil.  Mag.,  12.  p.  746,  1921. 

*  Phil.  Mag.,  40,  pp.  472,  809,  1920. 
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treating  ionization  as  a  dissociation.  This  theory  has  been  remarkably 
successful  in  explaining  and  predicting  features  of  the  solar  spectrum. 
The  theory  fails,  however,  to  explain  the  fact  that,  although  sodium  and 
barium  have  equal  ionizing  potentials,  barium  is  much  more  completely 
ionized  than  is  sodium.  This  may  be  explained,  as  has  been  pointed 
out  by  Professor  H.  N.  Russell  and  the  writer,^  by  taking  account  of 
the  effect  of  resonance  radiation  of  these  elements.  For  the  chromo- 
sphere is  not  an  enclosure,  but  a  layer  through  which  is  passing  an 
enormous  flux  of  energy  from  the  hotter  interior.  Observation  shows, 
and  there  are  reasonable  explanations  of  it,  that  this  flux  is  particularly 
deficient  in  radiation  of  the  resonance  type  for  sodium, — much  more 
deficient  than  in  the  corresponding  radiation  for  barium.  Thus  neutral 
barium  atoms  must  exist  largely  in  the  partially  ionized  state.  This  is 
equivalent  to  a  relative  lowering  of  the  ionizing  potential  for  barium, 
permitting  more  complete  ionization. 

The  spectral  peculiarities  of  light  excited  in  the  low  voltage  arc  (and 
also  in  the  high  temperature  furnace)  are  necessary  consequences  of  the 
mechanism  of  ionization  here  discussed.  If  the  gas  pressure  is  high  and 
the  electric  field  weak,  so  that  the  energy  gained  by  an  electron  between 
collisions  is  small,  there  is  little  chance  of  exciting  any  radiation  except 
that  of  the  resonance  type  corresponding  to  the  inelastic  impact  of 
lowest  velocity.  Thus  we  get  the  **  single  line  "  spectrum.  If  the  pressure 
is  less  or  the  field  greater,  an  appreciable  number  of  electrons  may  attain 
speeds  sufllicient  to  excite  a  second  type  of  resonance  radiation  of  shorter 
wave-length.  Such  lines  are  the  iS  —  ip  and  iS  —  iP  lines  of  the 
alkaline  earths.  As  a  result  of  cumulative  ionization,  a  complete  spectrum 
will  be  present,  but  will  be  weak  and  will  become,  relatively  to  the 
resonance  line  or  lines,  of  vanishingly  small  intensity  as  the  voltage  and 
current  are  diminished. 

As  soon  as  the  arc  strikes,  conditions  are  at  the  other  extreme.  Owing 
to  the  positive  space  charge  around  the  cathode,  the  electric  intensity 
in  this  region  is  very  large  and  the  electrons  are  shot  out  into  the  gas 
with  practically  the  maximum  velocity  attainable  at  the  applied  voltage. 
Then  the  resonance  lines  are  not  particularly  "favored,**  and  the  entire 
arc  spectrum  appears.  If  the  voltage  is  sufficiently  large,  the  enhanced 
lines  will  appear.  In  fact,  in  this  type  of  arc,  there  is  realized  somewhat 
the  same  distribution  of  potential  which  has  been  secured  in  a  more 
manageable  way  by  Foote,  Meggers  and  Mohler^  by  the  introduction  of 
an  additional  gauze  electrode  near  the  cathode,  and  which  has  made 
possible  their  most  interesting  work  on  enhanced  spectra. 

>  Astrophys.  Jour,  (in  print) . 
'Phil.  Mag.,  42,  p.  1002.  1921. 
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In  conclusion,  mention  should  be  made  of  a  method  of  experimentally 
testing  the  above  theories.  The  most  decisive  test  of  photo-impact 
ionization  would  be  to  illuminate  a  gas  with  its  resonance  radiation  from 
an  external  source  and  see  whether  ionization  can  then  be  observed  with 
electron  impacts  of  velocity  less  than  the  ordinary  minimum  ionizing 
velocity.  Such  an  effect  has  been  observed  in  iodine  vapor,^  but  this  is 
a  case  of  fluorescence  and  not  true  resonance — though  the  mechanism 
of  ionization  is  probably  similar.  Last  year,  Mr.  Yao  made  careful 
attempts  to  prove  photo-impact  ionization  in  this  way  with  mercury 
and  sodium  vapors,  but  with  results  which  were  indecisive  because  of 
peculiar  difficulties  in  getting  intense  resonance  radiation  of  exactly  the 
effective  wave-length  into  a  gas  from  an  external  source.  These  experi- 
ments are  now  being  repeated  under  more  favorable  conditions. 

Palmer  Physical  Laboratory, 
Princeton,  N.  J. 

Since  this  article  was  submitted,  a  very  interesting  paper  by  F.  M. 
Kannenstine  (Astrophys.  Jour.  55,  p.  345,  1922)  has  described  a  method 
of  determining  the  time  during  which  the  metastable  (partially  ionized) 
helium  atoms  persist  in  a  helium  a^'C  after  the  exciting  voltage  has  been 
removed.  The  time  is  about  2.4  (io)~'  second,  which  is  much  larger  than 
the  value  of  r  used  above.  If  cumulative  ionization  is  by  successive 
impacts,  then  Kannenstine's  value  should  be  the  value  of  r  for  helium. 
If  the  ionization  is  of  the  photo-impact  type,  however,  Kannenstine's 
measurements  give  the  time  required  for  the  resonance  radiation  to 
escape  from  the  region  of  effective  impacts,  which  may  include  the  time 
of  many  absorptions  and  reemissions,  and  therefore  r  would  be  much 
smaller  than  2.4  (io)~'.  This  point,  and  other  recent  evidence  will  be 
discussed  briefly  in  another  communication. 

» Smyth  and  Compton,  Phys.  Rev.,  16,  p.  501.  1920. 
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THE  THERMIONIC  WORK  FUNCTION  OF  TUNGSTEN. 

By  C.  Davisson  and  L.  H.  Gbrmbr. 
Synopsis. 

Measurements  of  the  Thermionic  Work  Function  of  Pure  Tungsten  have  been 
made  by  two  methods  for  the  same  segment  of  a  uniformly  heated  filament  simulta- 
neously. The  filament,  of  diameter  0.0755  nim*  and  with  three  finer  tungsten 
leads  welded  to  it  3.85  cm.  apart,  was  kept  stretched,  by  means  of  a  molybdenum 
spring,  between  two  molybdenum  plates  used  to  apply  an  electric  field  and  to  receive 
the  space  current,  the  ends  of  the  filament  being  surrounded  by  guard  boxes  to 
limit  the  emission  to  the  section  of  the  filament  between  the  potential  leads.  All 
parts  were  sealed  inside  a  tube  and  so  thoroughly  out-gassed  by  alternately  baking 
the  tube  and  heating  the  metal  pcuts  that  the  residual  pressure  during  the  measure- 
ments was  only  about  io~^  mm.,  as  measured  with  an  ionization  manometer,  (i)  In 
the  calorimetric  method,  the  equivalent  voltage  of  the  work  function  was  computed 
from  the  relation  ^  «  2EI(AEJi)/(E  —  IdE/dl),  where  E  is  the  voltage  across  the 
segment  and  /  the  current  through  it,  and  A£  is  the  voltage  change  when  the  space 
current  t  flows  from  the  filament,  /  being  kept  constant.  Since  A£  was  only  from 
io~*  to  io~^  times  E,  special  precautions  had  to  be  taken  to  measure  it  with  sufficient 
accuracy  and  to  keep  /  sufficiently  constant.  Observations  from  2070°  K.  to 
2300^  K.  show  an  apparent  increase  for  ^  of  about  2  per  cent,  in  this  range,  con- 
siderably greater  than  is  to  be  expected  theoretically.  At  2270®  K.,  when  correction 
is  made  for  the  asymmetry  of  the  electric  shielding  (—2.24  per  cent.)  and  for  the 
radiation  from  the  plates  heated  by  the  space*  current  (-|-  4.12  per  cent.),  ip  comes 
out  4.91  :t  .05  volts.  (2)  In  the  temperature  variation  method,  assuming  Richardson's 
equation  log  i  «  const.  -|-  1/2  log  T  —  ipe/kT,  measurements  of  the  emission  in 
the  range  1930**  to  2300®  K.  give  for  ^  the  values  4.87  or  4.78  volts  according  as  the 
temperature  scale  of  Langmuir  or  that  of  Worthing  and  Forsythe  is  adopted.  The 
latter  scale  is  probably  more  reliable  but  gives  a  value  of  ^  2.7  per  cent,  less  than 
the  value  obtained  calorimetrically,  a  difference  believed  to  be  greater  than  the 
probable  error  of  the  measurements. 

Suggested  Modification  of  the  Theory  of  Conduction  of  Electricity  in  Metals. — The 
thermal  energy  of  conduction  electrons  is  supposed  to  be  3/2kT  by  the  classical  theory 
upon  which  the  above  computations  of  ip  are  based.  If,  however,  the  energy  is 
taken  to  be  practically  zero  then  the  same  data  lead  to  4.52  and  4.48  volts  for  the 
values  of  ^  by  the  two  methods  and  the  agreement  is  within  the  probable  error  of 
the  measurements. 

Introduction. 
HE  equation, 


T 


i  ^  AT^i^-^'t 


proposed  by  Richardson^  in  1902  to  represent  the  current  from  a  thermi- 
onic source  as  a  function  of  temperature  has  been  found  to  be  of  general 
and  precise  application  within  the  limits  of  error  of  such  measurements. 

»  Camb.  Phil.  Soc.  Proc.,  11,  p.  286  (1902).     Phil.  Mag.  A,  201,  p.  497  (1903). 
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This  equation  is  a  special  form  of  the  more  general  equation 


i  =  AT'fh^    ^" 


in  which  a>  is  the  work  required  to  liberate  a  single  electron  and  k  is 
Boltzmann's  gas  constant.  The  first  equation  is  obtained  from  the  second 
by  assuming  that  w  is  independent  of  T.  The  integral  in  the  general 
equation  can  then  be  evaluated,  and  the  relation  takes  the  simpler  form, 
in  which  b  =  w/jfe.  It  is  customary  to  express  w  as  the  product  of  a 
voltage  times  the  electronic  charge,  w  =  ^,  so  that  <p  =  kb/e.  This  is 
referred  to  as  the  equivalent  voltage  of  the  work  function. 

The  adequacy  of  the  simpler  equation  might  seem  to  justify  the 
assumption  regarding  the  independence  of  w  and  T,  and  this,  within 
limits,  is  true.  It  is  well  recognized,  however,  that  on  account  of  the 
particular  form  of  the  temperature-emission  relation  moderate  variation 
in  u)  with  temperature  cannot  be  detected  within  the  limits  of  accuracy 
ordinarily  attained  in  such  measurements.  Thus,  if  w  =  wo(i  +  aT), 
the  general  equation  reduces  to 

and  the  only  hope  of  detecting  the  variation  in  w  is  to  distinguish  between 
1/2  and  the  true  value  of  the  exponent  of  T.  This  T  factor  is  so  unim- 
portant compared  with  the  exponential  factor  that  its  exponent  cannot 
be  determined  with  anything  approaching  the  required  accuracy.  If 
the  exponent  1/2  is  used,  and  w  is  not  independent  of  T,  then  the  ex- 
perimentally determined  value  of  b  corresponds  to  an  average  value  of 
w  over  the  temperature  range  of  the  measurements.  It  is  possible, 
however,  that  the  average  value  of  a>  so  determined  may  differ  appreci- 
ably from  the  average  value  of  the  true  work  function. 

Apart  from  all  differences  arising  from  experimental  error,  real  dif- 
ferences might  be  expected  owing  to  the  untenable  nature  of  one  or  more 
of  the  assumptions  involved  in  the  derivation  of  Richardson's  equation. 
The  argument  by  which  the  equation  is  developed  is  essentially  thermo- 
dynamic, yet  the  equations  of  thermodynamics  have  to  do  only  with 
states  of  equilibrium,  and  in  particular  do  not  deal  with  such  quantities 
as  rates  of  emission.  To  arrive  at  the  relation  between  rate  of  emission 
and  temperature  it  is  necessary  to  assume  (i)  that  the  laws  of  the  kinetic 
theory  of  gases  may  be  applied  to  an  atmosphere  of  electrons  in  equi- 
librium with  a  thermionic  source,  (2)  that  the  coefficient  of  reflection  of 
electrons  from  the  surface  of  such  a  source  is  zero,  or  at  any  rate,  inde- 
pendent of  temperature,  and  (3)  that  the  rate  of  emission  of  electrons  at 
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a  given  temperature  is  as  great  when  all  emitted  electrons  are  being  drawn 
off  as  fast  as  liberated,  as  when  the  system  is  in  equilibrium,  or,  at  least, 
that  there  is  a  fixed  ratio  between  these  rates.  The  failure  of  any  one 
of  these  conditions  may  lead  to  incorrect  estimates  of  the  thermionic 
work  function  calculated  from  the  b  constant  of  Richardson's  equation, 
without  necessarily  affecting  the  appropriateness  of  the  equation  to 
represent  the  temperature-emission  relation.  Thus  there  is  some 
theoretical  importance  attached  to  direct  comparisons  between  calori- 
metrically  determined  work  functions  and  corresponding  values  of  the 
quantity,  kbje,  obtained  from  temperature-emission  data. 

Calorimetric  determinations  of  the  work  function  may  be  made  in  the 
case  of  thermionic  emission  by  measurements  on  what  is  generally  re- 
ferred to  as  the  cooling  effect.  Such  measurements  were  first  attempted 
by  Wehnelt  and  Jentzsch  ^  working  with  lime  coated  filaments.  The 
experimental  conditions  under  which  these  investigators  worked  appear 
to  have  been  too  far  from  ideal,  however,  to  permit  of  their  obtaining 
any  satisfactory  results.  The  first  successful  measurements  were  made 
by  Cooke  and  Richardson  on  osmium  filaments^  and  later  on  tungsten 
filaments.*  Other  measurements  have  since  been  made  for  tungsten, 
carbon,  molybdenum  and  tantalum  by  H.  H.  Lester.*  The  values  of 
ip  determined  in  these  experiments  have  ranged  from  4  to  6  volts,  and  are, 
therefore,  in  approximate  agreement  with  the  values  of  ip  determined 
for  these  same  materials  from  their  values  of  6.  In  the  case  of  tungsten 
Lester  found  that  his  value  of  ip  determined  by  the  cooling  method  agreed 
to  within  0.7  of  one  per  cent,  with  a  value  previously  calculated  by 
Langmuir  from  the  value  of  h  determined  for  a  filament  from  the  same 
batch  of  pure  tungsten.  While  this  agreement  is  well  within  the  limits 
of  experimental  error  there  is  some  question  as  to  how  much  importance 
should  be  attached  to  it.  The  thermionic  properties  of  metals  are 
appreciably  altered  by  very  slight  gaseous  or  other  contamination;  and 
for  this  reason  it  is  doubtful  if  a  comparison  based  on  different  filaments, 
even  though  they  be  from  the  same  batch  of  metal,  can  ever  be  regarded 
as  satisfactory. 

Direct  comparisons  of  values  of  ip  determined  in  the  two  ways  were 
made  in  191 7  by  Dr.  Wilson*  of  this  laboratory  for  the  emission  from 
various  oxide  coated  filaments.  While  these  experiments  were  not 
designed  as  a  critical  study  of  the  thermionic  work  function  as  such, 

>  Ann.  d.  Phys..  28,  p.  537  (1909). 
« Phil.  Mag.,  25,  p.  624  (1913). 
»Phil.  Mag.,  26,  p.  472  (1913). 

*  Phil.  Mag..  35.  p.  197  (1916). 

•  Nat.  Acad.  Sci..  Proc.  3,  p.  426  (191 7). 
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the  values  found  for  individual  filaments  by  the  two  methods  were  in 
very  good  agreement. 

The  purpose  of  this  paper  is  to  present  results  obtained  by  us  in  the 
measurement  of  the  work  function  by  the  two  methods  simultaneously 
upon  a  single  filament  of  pure  tungsten.  The  calorimetric  measurements 
are  described  in  Part  I.,  the  temperature-emission  measurements  in 
Part  II.,  and  this  is  followed  by  a  discussion  of  the  results  of  the  two  sets 
of  measurements. 

Part  I.    Calorimetric  Measurement  of  <p. 


A.  Theory  of  the  MeiLSuremetU. 

The  general  scheme  of  the  experimental  arrangement  used  in  these 
measurements  is  shown  in  the  circuit  diagram,  Fig.  i.  The  filament 
to  be  tested,  FF,  is  provided  with  potential  leads  at  pp^  far  enough 
removed  from  the  ends  of  the  filament  to  avoid  effects  arising  from  end 
cooling,  and  means  are  provided  (not  indicated  in  the  diagram)  for 
limiting  the  emission  of  electrons  from  the  filament  to  the  region  between 
these  points. 


2fSl.4A 


73T7-"- 


II 


POTCNTIOMCTCR 


Hfr 


-A/VW^ 


Fig.  1. 


With  the  plate  P  at  a  negative  potential  and  a  heating  current  of  / 
amperes  through  the  filament  the  difference  of  potential  between  the 
points  p  is,  say,  E  volts.  We  have  then  for  the  resistance  of  the  filament, 
R  =  E/I  ohms,  and  for  the  net  radiation,  W  =  EI  watts.  It  is  assumed 
that  R  and  W  are  functions  of  temperature  only,  and  in  particular  that 
they  are  independent  of  whether  or  not  electrons  are  being  drawn  from 
the  filament.  This  does  not  apply  in  general  to  the  total  power  supplied 
to  the  filament  but  only  to  that  portion  of  the  total  power  which  goes  to 
maintain  thermal  radiation.     W  may  then  be  regarded  as  a  function  of 
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-R,  and  any  small  change  in  R  is  accompanied  by  a  small  change  in  W 
such  that 

I^  +  E 

AW  =  ^AR  =  P-^ AR. 

dR  dE 


If  now  the  plate  P  is  switched  to  a  positive  potential  an  electron 
current  of  i  amperes,  which  for  the  present  will  be  supposed  small  com- 
pared to  /,  flows  from  the  filament  and  simultaneously  the  heating  current 
becomes  I  +  AI  and  the  voltage  drop  E  +  AE, 

We  must  now  distinguish  carefully  between  W  the  total  power  supplied 
to  the  filament  and  W  the  power  radiated  from  it.  Without  space 
current  these  are  equal.  When  the  space  current  is  switched  on,  how- 
ever, they  are  altered  in  different  amounts.    The  increase  in  W  is  given  by 

AW  =  lAE  +  EAI, 

while  the  increase  in  W  must  be  calculated  from  the  change  in  resistance 
of  the  filament  and  the  known  rate  of  variation  of  W  with  R.  Thus 
AR  =  {lAE  -  EAPilP  and 


APr  = 


{lAE  -  EM). 


The  difference  between  these  two  increments  is  the  power  absorbed 
by  the  thermionic  emission.  Expressing  this  as  a  voltage,  <p,  times  the 
emission,  *,  we  have, 


^-  =  APT  -  APT  = 


2EI 

--4 


(— S-> 


In  using  this  relation  to  determine  ^  it  has  been  found  convenient  to 
compensate  the  change  in  filament  resistance  by  an  appropriate  altera- 
tion in  the  resistance  fo,  so  that  AI  is  made  zero,  ip  is  then  calculated 
from  the  expression, 

2EI 


^  = 


--''i 


AE  ^  ^AE 
i  i 


In  order  that  this  formula  shall  yield  the  true  value  of  tp  the  value  of 
AE  employed  must  be  the  voltage  change  actually  due  to  the  cooling 
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effect  of  the  emission.  In  addition  to  this  true  AJS,  the  existence  of 
emission  gives  rise  to  several  other  voltage  changes  across  the  filament. 
A  considerable  share  of  the  first  part  of  this  paper  is  taken  up  by  a 
consideration  of  these  spurious  changes.  Some  of  these  reverse  sign 
relative  to  the  true  effect  with  reversal  of  the  heating  current  and  are 
eliminated  from  the  results  by  averaging  observations  made  with  the 
two  directions  of  heating  current.  Others,  however,  do  not  reverse 
sign  in  this  way.  , 

One  such  effect  that  requires  special  attention  results  from  the  change 
in  temperature  of  the  plates  under  electron  bombardment.  A  part  of 
the  additional  radiation  from  the  plates  is  absorbed  by  the  filament 
giving  rise  to  an  increase  in  filament  temperature  and  resistance,  and  in 
consequence  to  a  change  in  voltage  across  the  filament.  Another  cause 
of  error  arises  from  the  dissymmetry  of  the  potential  field.  The  emission 
of  electrons  from  the  filament  is  limited  to  the  portion  between  the 
potential  leads  by  electrostatic  guard  boxes  surrounding  the  ends  of  the 
filament  and  maintained  a  few  volts  negative  to  it.  On  account  of  the 
drop  in  potential  along  the  filament  the  relations  between  plate,  guard 
and  filament  potentials  are  not  the  same  at  the  two  ends  of  the  filament. 
This  gives  rise  to  a  slight  shift  of  the  center  of  emission  toward  the 
negative  end  and  to  a  voltage  change  that  is  unrelated  to  the  cooling. 
Both  of  these  effects  are  important  even  when  *  is  small  in  comparison 
with  /. 

If  i  is  not  small  compared  with  /  still  another  spurious  voltage  change 
becomes  important.  This  results  from  the  addition  of  the  returned 
space  current  to  the  normal  heating  current  with  the  consequent  variation 
of  total  effective  heating  current  from  point  to  point  along  the  filament. 
We  shall  begin  by  considering  this  last  effect  somewhat  in  detail. 

The  total  potential  drop  across  the  filament  is  always 

E  =  flU  pidx, 
where  L  is  the  total  length  of  the  filament  (between  potential  leads)  and 
P  is  the  resistance  per  unit  length.     The  variation  of  this  integral  is 

A£  =  fl^L  (p5/  +  Ibp)dx. 
If  we  disregard  for  the  time  the  effect  of  cooling  then  p  =  /(/),  and 

where  *  now  represents  the  space  current  flowing  in  the  filament  at  the 
point  X,    Thus  the  change  in  voltage  under  consideration  is  given  by 

A£'  =  9'  S^\Lidx, 
where  p!  =  p  •\'  I{dpldl). 
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To  obtain  an  expression  for  *  as  a  function  of  x  we  have  the  following 
relations: 

(i)  u>  =  pP  +  l(2p  +  I^\i  watts 


where  w  is  the  power'radiated  per  cm.  of  filament. 

(2)  CO  =  irdtaT^  =  Trd^oaT^  watts, 

where  d  is  the  diameter  of  the  filament  in  cm.,  cr  is  the  Stefan-Boltzmann 
radiation  constant,  and  e  =  €qT  is  the  total  thermal  emissive  power  of 
tungsten,  which  is  closely  proportional  to  T  over  the  range  of  our  measure- 
ments. 

(3)  5=  -^=  TdAT'fW"', 

dx 

where  5  is  the  emission  per  cm.  of  filament,  and  A  and  b  are  the  constants 
of  Richardson's  equation.  Here  and  in  what  follows  the  positive  direction 
of  current  is  taken  to  coincide  with  the  direction  of  flow  of  electrons,  and 
the  sign  of  potential  gradient  along  the  filament  is  also  reversed. 

Combining  the  above  relations  it  can  be  shown  that,  to  a  close  approxi- 
mation, the  value  of  i  at  the  point  x  is 

where  5©  is  the  emission  per  cm.  of  filament  for  heating  current  / 


i8  = 


Tdwl^'* 


5PI  I    Pl'    J 

and  C  is  a  constant  of  integration. 

If  the  current  flowing  into  the  filament  at  the  point  —  ii  is  (/  +  ii) 
and  that  flowing  out  of  the  filament  at  the  point  ^L  is  (/  +  tj),  then 


where 


t  =  io  —  -  log  (  cosh  pi'  +  —  sinh  pi'  J» 


io  =-  {ii  +  ii)         and        *'  =  -  (ii  —  t«). 
2  2 

Substituting  this  value  of  i  into  the  expression  for  AJE',  and  integrating, 
we  find 

AJE'  =  p'L  [^  +  ^(i  -  ^'  cosh  pi')\ 

or  to  a  close  approximation 
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If  we  now,  as  formerly,  use  *  to  represent  the  total  emission  from  the 
filament,  we  have,  for  the  case  in  which  the  space  current  is  returned 
equally  to  the  two  ends  of  the  filament,  ii  =  —  ii  =  1/2*  so  that  io  =  o 
and  i'  =  i/2i,  and 

12 

It  is  to  be  noted  that  the  voltage  change  is,  in  this  case,  negative.  It  is 
of  the  same  sign  as  the  change  due  to  the  cooling  effect,  and  results,  if 
not  allowed  for,  in  too  great  a  value  of  the  work  function. 

If  the  space  current  instead  of  being  returned  to  the  ends  of  the  fila- 
ment, as  in  the  case  just  considered,  is  returned  to  the  middle  point  of 
the  filament,  conditions  are  considerably  altered.  In  computing  the 
spurious  A£  for  this  case  the  total  effect  is  obtained  by  adding  the 
effects  computed  for  the  two  halves  of  the  filament  separately.  In 
making  this  computation  it  must  be  borne  in  mind  that  when  the  space 
current  is  returned  to  the  middle  point  of  the  filament  it  does  not  divide 
equally  between  the  two  halves,  but  that  the  greater  part  of  it  flows  from 
the  middle  point  in  the  direction  of  flow  of  the  main  heating  current. 
When  this  dissymmetry  is  taken  into  account  one  finds  for  the  total 
spurious  voltage  change  in  this  case 

The  change  is  positive  instead  of  negative  and  in  magnitude  it  is  one  half 
as  great  as  the  A£'  for  the  current  returned  equally  to  the  ends  of  the 
filament.  This  suggests  the  possibility  of  so  arranging  the  return  of 
space  current  to  the  filament  that  the  voltage  change  due  to  redistribution 
of  the  heating  current  is  completely  eliminated.  It  turns  out  from  a 
deduction  similar  to  those  already  indicated  that  to  make  AJE'  zero  the 
current  returned  to  the  middle  point  must  be  four  times  as  great  as  the 
current  returned  to  each  end.  This  condition  is  obtained  in  the  circuit 
of  Fig.  I  when  the  switch,  5,  is  closed. 

Measurements  may  also  be  made  for  the  space  current  returned 
equally  to  the  ends  of  the  filament,  and  entirely  to  the  middle  of  the 
filament.  If  the  apparent  values  of  the  work  function  obtained  in  these 
ways  are,  respectively,  ^1  and  ^2,  then  the  true  work  function  is  given  by 
^  =  i(^i  +  2^2).     This  again  avoids  having  to  calculate  the  spurious  AJS. 

Another  source  of  error  mentioned  above  is  that  due  to  the  change  in 
temperature  of  the  filament  that  results  from  the  heating  of  the  plates 
under  electron  bombardment.  When  the  space  current  is  switched  on 
the  power,  w  =  Vi,  where  V  is  the  plate  potential,  is  dissipated  at  the 
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plates,  and  when  the  system  has  cx)me  to  equilibrium  the  thermal  radia- 
tion from  the  plates  is  increased  by  this  amount.  A  fraction,  /,  of  this 
radiation  is  absorbed  by  the  filament,  the  value  of  /  being  determined 
by  the  geometry  of  the  system  and  by  the  coefficient  of  absorption  of 
the  filament  for  the  radiation  reaching  it.  In  calculating  the  error  that 
this  "back  heating"  introduces  into  the  results  we  may  disregard  for 
the  time  the  voltage  changes  due  to  all  other  causes. 

When  the  space  current  is  switched  on  the  power  radiated  from  the 
filament  changes  from  W  ^  EI  to  W^  +  APT  =  /(£  +  AE")  +/«;, 
and  the  resistance  of  the  filament  changes  from  R  =  Ejl  to  i?  +  Ai2 
=  (£  +  AE")/I,  since  /  is  kept  constant. 

From  these  relations  we  have 


AW  ^dW 
AR       dR 

Solving  this  for  A£" 


=  P 


or,  since 


A£"  =  -r 


lAE"  +fw 


^  =  0 


A£ 


t 

i,e,f  the  back  heating  causes  an  error  in  <p  which  is  equal  to  —  /  times  the 
plate  voltage.  This  relation  is  particularly  interesting  in  showing  that 
this  error  is  independent  of  the  magnitude  of  the  space  current. 

The  most  satisfactory  means  we  have  found  of  correcting  for  this  error 
is  to  observe  the  value  of  AE/i  at  constant  filament  current  for  a  series  of 
plate  voltages,  and  then  to  extrapolate  to  the  value  of  AE/i  corresponding 
to  plate  voltage  zero. 

It  seems  advisable  to  omit  consideration  of  effects  arising  from  dis- 
symmetry of  the  potential  field,  mentioned  above,  from  this  section  as 
they  can  be  dealt  with  more  easily  in  connection  with  the  experimental 
results. 

As  to  the  spurious  voltage  changes  that  reverse  sign  with  reversal  of 
the  heating  current,  these  result  from  geometrical  dissymmetry  and 
from  variation  in  thermionic  properties  from  point  to  point  along  the 
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filament.  It  can  be  shown  quite  generally  that  all  first  order  errors 
arising  from  these  causes  are  eliminated  from  the  results  by  averaging 
observations  for  the  two  directions  of  heating  current. 


B,  Description  of  Tube  and  Circuit. 

All  satisfactory  measurements  were  made  upon  a  filament  of  very 
pure  tungsten  kindly  supplied  to  us  by  Dr.  Langmuir  of  the  General 
Electric  Company.  The  measured  diameter  of  this  filament .  was 
(7.595  dci  .015)  X  10"'  cm.  To  it  were  welded  at  equal  intervals  three 
very  fine  tungsten  leads  of  measured  diameter  1.55  X  lO"'  cm.  These 
were  to  serve  as  potential  leads  and  as  space  current  return  to  the  middle 
of  the  filament.  The  welding  was  performed  under  a  microscope  in  an 
atmosphere  of  nitrogen.  The  fine  leads  were  spaced  as  carefully  as 
possible,  and  after  welding  the  distances  between  leads  were  measured 
to  be  3.849  zh  .001  cm.  and  3.842  ±.  .001  cm.,  respectively.  At  each 
point  the  fine  filament  was  welded  straight  across  the  larger  filament, 
so  that  there  were  really  two  leads  attached  at  each  of  the  three  points. 

The  filament  with  fine  leads  attached  was  mounted  as 
shown  in  Fig.  2.  The  lower  end  Fu  about  2.5  cm.  from 
the  potential  lead  Pi,  was  welded  to  a  heavy  platinum 
lead  which  passed  directly  through  the  press  of  the  tube. 
The  upper  end  of  the  filament  Fa,  about  2.5  cm.  from 
the  top  potential  lead  P2,  was  welded  to  a  heavy  plat- 
inum wire  which  in  turn  was  supported  from  a  glass 
arbor  of  the  tube  by  a  spiralled  molybdenum  spring. 
This  heavy  platinum  wire  passed  through  two  small 
holes  in  a  nickel  guide,  and  in  this  way  the  tungsten 
filament  was  maintained  straight  and  taut  at  all  tem- 
peratures. The  current  lead  to  the  top  of  the  filament 
consisted  of  three  flexible  platinum  ribbons  welded  to 
the  heavy  platinum  wire  below  the  nickel  guide.  These 
ribbons  passed  to  a  platinum  lead-wire  sealed  through 
the  top  of  the  tube. 

Heavy  tungsten  wires  were  welded  to  the  fine  tungsten 
potential  leads  about  i  cm.  from  the  filament,  and  these 
in  turn  were  welded  to  supporting  wires  and  lead-in 
wires  sealed  through  the  bulb.  The  purpose  of  interposing  tungsten 
wires  adjacent  to  the  potential  leads  was  to  avoid,  as  far  as  possible, 
the    development   of  thermo-electric  forces  in  the  potentiometer  circuit. 


M 


\ 


/ 


Fig.  2. 
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The  space  current  leads  to  the  middle  of  the  filament,  which  were  not 
to  be  used  for  potential  leads,  were  fastened  directly  to  nickel  supports 
and  finally  led  out  through  a  platinum  wire  in  the  press. 

The  plates  for  receiving  the  space  current  and  a  pair  of  guard  boxes 
for  limiting  the  emission  to  the  section  of  filament  between  the  potential 
leads  were  made  of  molybdenum,  and  arranged  as  indicated  in  the  figure. 
The  plates  were  each  2.5  cm.  by  7  cm.,  and  bent  inward  slightly  at  top 
and  bottom  as  shown.  When  mounted  they  were  1.25  cm.  apart  and 
symmetrically  located  with  respect  to  the  filament.  The  boxes  were 
2.5  cm.  X  2.5  cm.  X  1.25  cm.,  open  toward  the  filament  supports  at  the 
respective  ends  and  closed  at  their  opposite  sides  except  for  centrally 
located  circular  holes  about  i  mm.  in  diameter  through  which  the  fila- 
ment passed. 

In  order  to  free  the  parts  from  gas  as  much  as  possible,  the  glass  parts 
were  baked  for  several  hours  in  a  vacuum  furnace  at  about  500°  C.  before 
assembling,  and  all  of  the  metal  parts,  with  the  exception  of  the  molyb- 
denum spring  and  the  tungsten  filaments,  were  pre-glowed  in  vacuo  at  a 
high  temperature.  On  the  pumps  the  main  tube  and  a  Buckley  ioniza- 
tion manometer  which  was  sealed  to  it  were  baked  out  at  400°  C.  The 
molybdenum  plates  were  raised  to  white  heat  by  electron  bombardment 
from  auxiliary  tungsten  filaments  mounted  outside  the  plates,  and  the 
guard  boxes  were  heated  to  about  1500°  C.  by  Foucault  currents  induced 
from  a  high  frequency  current  in  a  solenoid  surrounding  the  tube.  The 
procedure  of  alternately  baking  the  tube  and  heating  the  metal  parts, 
as  described,  was  repeated  several  times.  The  tube  was  finally  sealed 
from  the  pumps  at  a  pressure  of  about  i  X  lO"*  mm.  Hg  with  the  molyb- 
denum plates  at  a  white  heat. 

None  of  the  final  measurements  were  made  until  the  tube  had  been  in 
circuit  over  a  month.  During  all  this  time  some  of  the  filaments  were 
heated  and  for  a  large  part  of  it  all  the  filaments  were  hot  and  furnishing 
space  currents.  The  final  pressure  obtained  with  the  main  filament 
cold  was  below  5  X  io~®  mm.  Hg  and  was  scarcely  measurable.  With 
the  main  filament  at  its  highest  temperature  the  pressure  was  about 
5  X  10-^  mm.  Hg. 

Throughout  these  final  measurements  the  main  filament  and  one  of  the 
two  manometer  filaments,  which  were  of  tungsten,  were  glowed  con- 
tinuously. The  main  filament  was  cold  for  only  a  few  minutes  about 
twice  a  week  while  the  storage  batteries  were  being  changed.  This 
precaution  was  found  necessary  to  insure  extreme  steadiness  of  emission. 
By  taking  this  precaution  measurements  made  at  any  working  tempera- 
ture under  identical  conditions  seldom  differed  by  as  much  as  2  per  cent. 
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after  an  interval  of  several  weeks.  Under  the  ordinary  working  con- 
ditions unsteadiness  of  emission  was  never  a  disturbing  factor. 

All  the  essential  measurements  were  made  with  a  Leeds  and  Northrup 
potentiometer.  As  the  maximum  potential  between  the  potential  leads 
was  about  12  volts  the  potentiometer  could  not  be  used  in  the  normal 
way.  In  place  of  the  customary  2-volt  storage  cell  a  battery  of  i8  volts 
was  used  across  the  potentiometer  and  the  current  adjusted  to  balance  a 
Weston  Standard  Cell  across  a  single  5-ohm  coil.  With  this  arrangement 
the  potentiometer  readings  could  be  reduced  to  volts  by  multiplying  by 
the  factor  10.1870,  and  the  maximum  range  of  the  instrument  was  about 
16.3  volts  instead  of  the  usual  1.60  volts. 

The  accuracy  of  the  potentiometer  was  checked  by  comparing  together 
four  coils  taken  at  random  and  by  comparing  a  coil  with  the  slide  wire. 
The  coils  were  found  to  be  identical  but  the  slide-wire  had  a  slightly  low 
resistance.  A  reading  on  the  slide- wire  could  be  reduced  to  a  "coil 
reading"  by  dividing  by  1.0014(5).  This  ratio  was  checked  for  several 
different  points  on  the  slide-wire,  and  it  was  found  to  hold  when  the 
potentiometer  was  balanced  in  the  normal  way  as  well  as  when  it  was 
balanced  with  the  standard  cell  across  one  coil.  Correction  for  this 
ratio  was  made  before  using  any  reading  taken  on  the  potentiometer. 

The  voltage  between  the  potential  leads  was  measured  directly  on  the 
potentiometer.  The  potentiometer  was  also  used  in  determining  the 
heating  current  and  the  space  current  from  the  filament,  in  the  first 
case  from  measurements  of  the  voltage  across  a  standard  ohm  in  series 
with  the  filament,  and  in  the  second  from  the  voltage  across  a  variable 
resistance  dial  box  through  which  the  space  current  flowed.  The  steps 
of  this  dial  box  were  measured  and  found  to  be  sufficiently  accurate. 
The  certificate  of  Lee^s  and  Northrup  gave  the  resistance  of  the  standard 
ohm  as  .99997  International  ohms  at  25°  C.  No  correction  was  made  for 
its  resistance  not  being  exactly  one  ohm. 

The  arrangement  just  indicated  suffices  for  taking  the  points  of  the 
£  —  /  curve  and  from  them  determining  the  function, 

Q  =  -'^' 


dl 


for  the  different  values  of  I  at  which  the  cooling  is  to  be  measured.  It 
is  also  satisfactory  for  measuring  the  emission  as  a  function  of  /.  The 
temperatures  can  be  found  from  the  £  —  /  curve  together  with  the 
known  temperature  characteristics  of  tungsten  and  thus  all  the  data, 
are  available  for  finding  the  constants  of  Richardson's  equation. 
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The  measurement  of  AJS,  which  is  the  essential  datum  in  determining 
^,  cannot  be  satisfactorily  carried  out  with  the  arrangement  described. 
The  actual  magnitude  of  A£  for  our  filament  was  always  in  the  neighbor- 
hood of  2  volts  per  ampere  of  space  current.  Thus,  in  order  to  measure 
AJS  correct  to  i  per  cent,  for  an  emission  of  i  X  lO""'  amperes,  it  would  be 
necessary  to  determine  the  voltage  change  represented  by  A£  correct  to 
2  X  io~^  volts,  or  approximately  1/50  of  a  division  on  the  slide- wire; 
the  total  AE  would  correspond  to  only  2  divisions.  Since  dE/dl  for  the 
filament  was  about  20  volts  per  ampere,  an  error  of  i/io  of  one  division 
in  the  resetting  of  /  would  involve  an  error  of  100  per  cent,  in  AE.  Also 
slow  time  changes  in  the  filament  heating  current  and  the  potentiometer 
current  always  occurred,  and  it  was  thus  necessary  to  measure  E  very 
quickly  indeed  after  setting  these  currents  to  their  correct  values. 

The  necessary  accuracy  in  resetting  the  filament  current  was  finally 
obtained  by  placing  in  series  with  the  filament  a  fixed  resistance  of  such 
magnitude  that  the  desired  heating  current  was  established  by  making 
the  voltage  across  this  resistance  equal  to  that  of  the  standard  cell.  (An 
appropriate  series  of  heating  currents  was  obtained  by  using  an  appro- 
priate series  of  such  fixed  resistances.)  By  this  procedure  the  accuracy 
of  resetting  the  heating  current  is  not  made  to  depend  upon  the  accuracy 
of  resetting  the  potentiometer.  Great  care  was  taken  for  maintaining 
the  heating  current  and  the  potentiometer  current  steady,  and  rapid 
manipulation  was  aided  by  a  convenient  arrangement  of  switches  and 
regulating  resistances. 

After  these  factors  had  been  satisfactorily  taken  care  of,  it  became 
feasible  to  increase  the  sensitivity  of  the  potentiometer  for  directly 
reading  the  change  in  E.  This  was  accomplished  by  applying  the  18- 
volt  potentiometer  battery  across  the  potentiomet*er  in  series  with  two 
variable  external  resistances  (a  and  b  in  Fig.  3).  The  standard  cell  was 
balanced  against  the  potentiometer  in  the  normal  way,  the  bulk  of  the 
18  volts  being  taken  up  across  these  resistances.  The  circuit  was  ar- 
ranged to  balance  the  voltage  between  the  filament  potential  leads  across 
one  of  the  external  resistances  and  part  of  the  slide-wire.  With  this 
arrangement  the  values  of  these  resistances  were  not  required  as  only 
changes  in  E  were  measured  and  these  changes  fell  well  within  the  limits 
of  the  slide  wire.     The  potentiometer  sensitivity  is  now  normal. 

With  these  improvements  in  the  circuit  AE  could  be  determined  with  a 
satisfactory  accuracy  for  as  low  a  space  current  as  0.6  X  io~'  amperes. 
The  practical  upper  limit  to  the  emission  was  about  9.5  X  io~'  amperes. 
It  was  planned  to  determine  AJE,  and  thus  ^,  for  eight  different  filament 
temperatures  including  the  temperatures  which  gave  these  two  extreme 
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values  to  the  emission.  For  this  purpose  it  was  necessary  to  have  the 
fixed  resistance  in  the  filament  circuit  adjustable  to  eight  values  which 
would  determine  these  required  temperatures.  This  resistance  was  made 
of  a  length  of  No.  17  "  Ideal"  resistance  wire  wound  upon  a  copper  tube. 
It  was  divided  into  four  sections,  three  of  which  could  be  shunted  by 
heavy  amalgamated  copper  bars  dipping  into  cups  of  mercury.  By 
different  combinations  of  these  shunts  eight  different  fixed  resistances 
were  available.  These  resistance  steps  were  very  constant,  no  variation 
in  any  of  them  as  great  as  .005  per  cent,  being  found  during  a  period  of 
fourteen  months. 

The  essential  features  of  the  circuit  have  already  been  described.  For 
the  sake  of  completeness  a  simplified  diagram  of  the  circuit  showing  the 
more  important  switches  is  given  in  Fig.  3.    The  arrangement  for  re- 


Fig.  3. 

turning  the  space  current  to  the  filament  in  the  three  different  ways  is 
not  shown,  nor  are  the  means  for  using  the  18  volts  straight  across  the 
potentiometer  and  balancing  the  standard  cell  across  one  coil.  The 
electrostatic  shields  which  limit  the  emission  from  the  filament  are  not 
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shown.  Means  were  provided  for  varying  the  potentials  of  these  two 
shields  independently.  The  space  voltage,  F,  could  be  varied  in  steps 
of  one  dry  cell  from  one  cell  to  a  voltage  of  500,  and  it  could  be  applied 
in  either  direction  between  the  filament  and  plate.  A  reversing  switch 
was  inserted  in  the  filament  circuit  so  that  observations  could  be  made 
for  both  directions  of  heating  current.  This  necessitated  reversing 
switches  for  the  potentiometer  current,  for  the  galvanometer,  for  the 
standard  cell,  and  for  the  potential  leads  from  the  space  current  dial  box. 
These  five  reversing  switches  were  arranged  to  be  operated  simul- 
taneously. There  were  other  switches  for  increasing  the  convenience 
and  accuracy  of  measurements,  but  these  need  not  be  considered  here. 

It  may  be  instructive  to  trace  the  manipulation  of  switches  in  a  typical 
measurement  of  AE/i.  At  the  beginning  Si  is  left,  54  open,  56  down, 
56  up,  57  left,  and  5$  right.  52  is  closed  and  b  adjusted  to  balance  the 
potentiometer  against  the  standard  cell.  Next  56  is  thrown  up  and  r© 
adjusted  to  a  balance.  Then  Si  is  thrown  to  the  right  and  at  the  same 
time  Sz  closed  (opening  5i,  these  switches  being  mechanically  inter- 
locked so  that  both  cannot  be  closed  at  one  time),  and  the  slide  wire,  m, 
is  adjusted  to  a  balance — reading  E  between  the  potential  leads.  The 
switches  are  then  returned  to  their  original  positions,  54  is  closed  and 
the  same  thing  repeated.  The  change  in  the  slide  wire  reading  gives 
AJE  for  constant  filament  heating  current.  58  is  thrown  to  the  left  and 
Si  to  the  right,  and  the  potentiometer  balance  gives  the  voltage  across 
the  dial  box  and  thus  the  value  of  i.  In  carrying  out  these  measurements 
each  slide-wire  setting  could  be  checked  carefully  in  about  two  or  three 
seconds  when  the  conditions  were  satisfactory.  Readings  were  taken 
against  time  before  closing  54  and  again  after  closing  54.  Lines  were 
passed  through  the  resulting  points  and  the  interval  between  these  lines 
used  as  AE. 

C.  Experimental  Results, 

The  calorimetric  measurement  of  <p  requires  the  determination  of  the 
function 

2EI 


0  = 


dl 


and  of  AE/i.  This  latter  involves  the  careful  evaluation  of  the  correc- 
tions to  be  applied  to  AJE.  Thus  there  are  three  sections  of  the  work 
which  will  be  taken  up  in  order. 

(Determination  of  Q.) 
The  only  difficulty  in  connection  with  the  determination  of  values  of  Q 
is  in  obtaining  sufficiently  accurate  values  of  the  differential  coefficient 
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dE/dl,  The  procedure  adopted  was  first  to  set  up  an  empirical  equation 
for  E  by  evaluating  the  coefficients  of  the  power  series  E  =  Ao  +  Ail 
+  AtP  +  AzP  +  Ail^  and  then  to  calculate  dE/dl  for  the  eight  points 
from  dE/dl  ^^  Ai  +  2AtI  +  sAiP  +  4AiP.  The  labor  involved  in 
evaluating  the  coefficients  in  the  equation  for  E  was  materially  reduced 
by  using  pairs  of  values  of  E  and  /  corresponding  to  equal  intervals  in  J, 
and  applying  a  method  recently  described  by  T.  C.  Tobin.^ 

The  results  of  these  measurements  and  calculations  are  collected  in 
Table  I.    A  considerably  greater  number  of  pairs  of  values  of  E  and  / 

Table  I. 


/l0.l»70 , 
'  I.OOI4S ' 

/ 
(•mp.). 

E 

(▼oto). 

£  (Computed 

from  Bmpirkal 

Bqoatioii). 

dE 

dl 

(▼ohs/amp.). 

Q 
(«mp.). 

(Shunted). 

.052 

.52895 
.55947 
.58999 
.62050 
.65102 
.68154 
.70646 
.71205 
.72182 
.74054 
.74257 
.75773 
.77309 
.78692 
.80360 
.80615 
.82975 
.83412 
.85151 
.86464 
.89515 
.92567 

4.6757 
5.1189 
5.5821 
6.0604 
6.5582 
7.0715 
7.5026 
7.6033 
7.7777 
8.1140 
8.1517 
8.4306 
8.7180 
8.9802 
9.3023 
9.3520 
9.8157 
9.9220 
10.2516 
10.5200 
11.1559 
11.8088 

6.0604 

Exact 

7.0723 

Exact 

8.1518 

Exact 

9.3019 

Exact 

10.5211 
Exact 

17.580 

17.869 
18.224 

18.552 

19.106 

19.467 
19.901 

20.290 

2.1558 

2.1927 
2.2330 

2.2707 

2.3344 

2.3779 
2.4323 

2.4852 

.055 

.058 

.061 

.064 

.067 

Fixed  res.  No.  1  . 
.070 

2.1508 

Fixed  res.  No.  2  . 
Fixed  res.  No.  3  . 
.073 

2.1874 
2.2280 

Fixed  res.  No.  4  . 
.076 

2.2654 

Fixed  res.  No.  5  . 
.079 

2.3287 

Fixed  res.  No.  6  . 
Fixed  res.  No.  7  . 
.082 

2.3718 
2.4258 

Fixed  res.  No.  8  . 
.085 

2.4780 

.088 

.091 

was  taken  than  was  actually  required  for  the  determination  of  values 
of  Q.  These  were  for  use  in  connection  with  the  temperature-emission 
measurements  to  be  described  later.  The  pairs  of  values  designated  as 
"exact"  in  column  4  are  thbse  used  in  evaluating  the  power  series  for  £. 
The  computed  values  of  E  in  the  same  column  agree  with  the  observed 
values  in  column  3  almost  within  the  limit  of  error  of  the  measurements. 
The  values  of  Q  cannot  be  in  error  by  more  than  a  few  parts  in  10,000. 
»  Phil.  Mag..  40.  P-  513  (ipao). 
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It  should  be  noted  that  the  above  values  of  E  refer  to  the  filament 
when  not  shunted  by  the  high-resistance  bridge  used  for  returning  the 
space  current  to  the  filament  ends,  as  in  Fig.  i.  When  so  shunted  the 
current  flowing  through  the  filament  is  less  than  that  measured  on  the 
potentiometer  by  the  amount  of  the  bridge  current.  The  last  colunm 
of  Table  I.  gives  the  values  of  Q  corresponding  to  the  eight  fixed  re- 
sistance points  with  the  filament  shunted  in  this  way.  These  are  the 
values  to  be  used  in  the  case  of  space  current  returned  to  the  ends  of  the 
filament  or  to  the  middle  and  ends. 

The  factor  Q  has  the  dimensions  of  current  and  is,  therefore,  inde- 
pendent of  the  length  of  the  filament.  When  space  current  is  flowing 
the  heating  current  and  also  Q  varies  from  point  to  point  along  the 
filament.  Thus  it  is  not  strictly  accurate  to  regard  Q  as  a  constant 
depending  only  on  /.  It  can  be  shown,  however,  that  for  the  case  in 
which  the  space  current  is  returned  equally  to  the  two  ends  of  the  fila- 
ment, this  variation  is  taken  care  of  by  multiplying  the  apparent  value 
of  ff)  by  the  factor 

Evaluating  this  by  means  of  data  from  Tables  I.  and  IV.  it  is  found  to 
differ  from  unity  at  most  by  only  one  part  in  lo^ 

(Determination  of  AE/i.) 

For  all  measurements  in  which  space  current  is  drawn  from  the  filament 
it  is  necessary  that  the  plate  voltage  be  high  enough  to  cause  saturation 
of  the  emission  over  the  main  length  of  the  filament  and  up  to  points 
near  the  ends  where  it  is  cut  off  fairly  sharply  by  the  boxes  which  shield 
the  ends.  It  is  impossible,  of  course,  that  the  emission  should  be  in 
voltage  saturation  quite  up  to  the  points  of  complete  cutoff.  An  approxi- 
mate approach  to  this  condition  is,  however,  possible  by  using  a  suffi- 
ciently high  plate  voltage.  On  the  other  hand,  the  correction  to  AE 
due  to  the  back  heating  from  the  plates  is  proportional  to  the  plate 
voltage  and,  therefore,  this  voltage  should  be  as  low  as  possible.  From 
observations  to  be  described  later  an  effective  plate  potential  of  196  volts, 
measured  from  the  filament  mid-point,  was  chosen  as  a  satisfactory 
value.  This  effective  voltage  is  the  value  read  on  the  voltmeter  de- 
creased by  the  fall  of  potential  caused  by  the  space  current  flowing 
through  the  high-resistance  bridge. 

The  procedure  of  measuring  AE/i  has  been  indicated  in  section  B. 
Typical  data  giving  one  such  measurement  are  shown  in  Table  II. 
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Fixed  Res.  Point  No.  7- 


Table  II. 

Measurement  ofAE/i, 
•tReturaed  to  Middle  of  Filament — Direction  of  Filament  Current  (i) . 


Time 

Slide  Wir« 

V 

Time. 

Slide  Wire 

V 

(Mini.). 

Readinff  of  E. 

(Volti). 

(Mins.). 

ReuUncof  £. 

(Volti). 

0 

.02696 

OflF 

14 

.04088 

_ 

1 

705 

Ofi 

141 

082 

— 

2 

705 

ofr 

15 

Off 

31 

691 

Off 

17 

.02673 

Off 

4 

695 

Off 

18 

672 

Off 

4 

On 

191 

675 

Off 

6 

.04095 

204 

20 

672 

Off 

7 

105 

— 

221 

690 

Off 

7i 

096 

— 

23 

686 

Off 

9J^ 

— 

24 

691 

Off 

11 

094 

— 

25 

692 

Off 

12i 

079 

— 

26 

690 

Off 

13 

084 

— 

By  plotting  carefully  against  time  the  values  of  the  slide-wire  reading 
of  E  we  determine, 

AE  =  —  .00287(0)  volts. 
Dial  Box  Res.  =  loo.o  ohms; 
.*.  i  =  .006660  amp. 
AE/i  =  —  2.081  volts/amp. 
Effective  V  =  196  volts. 
At  each  of  the  eight  fixed  resistance  points  determinations  of  AE/i 
were  made  in  this  way  for  the  space  current  returned  to  the  middle  of 
the  filament,  to  the  ends  of  the  filament,  and  to  the  middle  and  ends. 
These  measurements  were  made  for  the  two  directions  of  heating  current 
through  the  filament,  a  total  of  forty-eight  determinations  of  AE/i.    The 
results  of  this  series  of  measurements  at  one  typical  point  are  shown  in 
Table  III.     The  product  of  AE/i  with  the  corresponding  value  of  Q  is 
designated  as  <p'.     In  order  to  save  space  the  results  are  not  completely 

tabulated  here. 

Table  III. 


Direction  |         Spece 

Fixed   Ret.of  Filamentt       Current 

Current.    {       Return. 

(•mp.). 

AE           1 
• 
(volts/amp.).  I 

(TOltt). 

MoMitf'fora 
Directions  of 
iru.  Current. 

No.  7      1 Middle.... 

6.660 

2.081 

5.065 

4.635 

Ends 

6.351 

2.222        ' 

5.395 

5.207 

1  M.  and  E.  . 

6.338 

2.095        ! 

5.085 

4.797 

2 1  Middle.... 

6.697 

1.728        ! 

4.205 

Ends 

6.377 

2.070        . 

5.02 

M.  and  E.  . 

6.390 

1.858        1 

4.51 

I  Pot.  Reading  on  Dial  Box.  .66606. 
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It  will  be  noted  that  the  values  of  <p'  for  direction  of  heating  current 
(i)  are  higher  than  for  direction  (2).  (Throughout  all  the  measurements 
the  difference  was  uniformly  about  14  per  cent.)  This  failure  of  values 
to  check  on  reversal  results,  as  already  mentioned,  from  geometrical 
dissymmetry.  In  the  present  case  the  failure  was  found  to  result  from 
a  slight  difference  in  average  diameter  between  the  two  halves  of  the 
filament,  and  from  a  dissymmetry  in  the  location  of  the  guard  boxes. 
The  effect  to  be  expected  from  these  departures  from  symmetry  has 
been  carefully  estimated  and  found  sufficient  to  account  for  the  observed 
dependence  of  AE/i  upon  the  direction  of  heating  current.  The  mean 
values  of  <p'  for  the  two  directions  are  correct,  so  far  as  these  effects  are 
concerned,  to  the  second  order  of  small  quantities. 

These  mean  values  of  ^'  are  plotted  against  *  in  Fig.  4.    The  points 
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Fig.  4. 
marked  +  are  placed  1/3  the  distance  from  the  ©points  to  the  X  points. 
Note  that  these  coincide  almost  perfectly  with  the  ©  points  as  required 
by  theory, — except  for  values  of  *  below  i  mil  where  AJE  is  very  small 
and  the  experimental  errors  in  determining  the  values  of  ^'  are  large. 
Taking  4.81  to  be  the  true  mean  value  of  ^',  the  temperature  shift 
formulae  of  section  A  lead  to  the  curves  represented  by  the  dotted  lines. 
These  are  in  reasonably  good  agreement  with  the  observed  points.  We 
are  thus  justified  in  concluding  that  the  temperature  shift  effect  is 
eliminated  from  the  values  of  ^'  for  the  space  current  returned  to  the 
middle  and  ends. 

(Corrections  to  ^'.) 
In  Fig.  5  the  mean  values  of  v?'  of  Fig.  4  are  replotted  against  abscissae 
representing    absolute    temperatures.     (The    determination    of    these 
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temperatures  is  taken  up  in  Part  II.)  Only  the  ©  points  and  the  + 
points  are  shown  in  Fig.  5.  Each  point,  if  it  were  corrected  for  the  back 
heating  from  the  plates  and  for  the  effect  of  the  electrostatic  shields, 
would  represent  an  experimental  measurement  of  tp  itself.  The  actual 
method  employed  in  the  final  evaluation  of  <p  consisted  of  a  careful 
determination  of  these  two  errors  at  the  fixed  resistance  point  No.  7,  and 
an  application  of  the  results  to  the  best  value  of  <p'  obtained  by  smoothing 
the  points  of  Fig.  5. 

The  solid  line  in  Fig.  5  is  drawn  for  ^'  =  constant  and  the  dotted  line 
represents 
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Fig.  5. 

corresponding  respectively  to  the  first  and  second  forms  of  Richardson's 
equation.  Neither  of  these  lines  seems  to  fit  the  points  as  well  as  they 
can  be  fitted.  The  best  line  would  have  a  slope  about  twice  that  of  the 
dotted  line,  i.e.,  about  ^k/e.  It  is  possible,  however,  that  this  greater 
variation  is  more  apparent  than  real.  Reasons  are  given  in  another 
section  for  thinking  that  the  value  found  for  <p'  at  2306**  K.  is  higher 
than  the  true  value  for  this  temperature,  while  the  values  found  at  the 
lowest  temperatures  are  subject  to  considerable  error  on  account  of 
the  smallness  of  the  emission.  On  the  other  hand,  it  does  not  seem  im- 
possible to  modify  the  thermodynamic  requirements  in  this  connection 
by  modifying  somewhat  our  view  in  regard  to  the  nature  of  the  system. 
We  hope  to  consider  this  possibility  more  fully  in  a  paper  now  in  prepara- 
tion on  the  work  function  of  oxide-coated  filament. 
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Whatever  the  variation  of  the  work  function  with  temperature,  Fig.  5 
determines  the  value  of  tp'  at  the  fixed  resistance  point  No.  7  to  be  4.81 
volts,  which  is  probably  correct  to  ±  .015  volt.  This  is  the  final  value 
of  if'.  Correction  must  be  made  for  the  effect  of  the  electrostatic  shields 
and  for  the  back  heating  from  the  plates  before  the  true  value  of  <p  is 
obtained. 

The  error  due  to  the  electrostatic  shields  results  from  the  fact  that  if 
the  two  shields  are  maintained  at  the  same  negative  potential  relative 
to  the  middle  point  of  the  filament,  as  was  the  case  in  the  measurements 
so  far  described,  the  ''grid  action"  at  the  positive  end  of  the  filament  is 
more  marked  than  at  the  negative  end.  This  has  the  effect  of  shifting 
the  center  of  emission  toward  the  negative  end  of  the  filament  and  of 
introducing  an  error  in  AJS  which  does  not  reverse  sign  relative  to  the 
true  effect  on  reversal  of  the  heating  current.  It  is  possible  to  avoid 
this  error  by  maintaining  the  same  difference  of  potential  between  shield 
and  adjacent  portion  of  filament  at  each  end.  The  importance  of  this 
correction  was  not  appreciated,  however,  until  observations  were  nearly 
completed,  and  the  shields  were  maintained  throughout  at  —  11.57  volts 
relative  to  the  middle  point  of  the  filament. 

It  can  be  shown  that  if  the  center  of  emission  shifts  a  distance  b  when 
the  heating  current  is  reversed  a  spurious  voltage  change  is  introduced 
which  is  given  by 

2Ldr 

regardless  of  the  way  in  which  the  space  current  is  returned  to  the  fila- 
ment. This  results,  if  not  corrected  for,  in  a  value  of  tp'  which  is  in  error 
by  being  too  large. 

The  magnitude  of  b  for  the  seventh  point  has  been  calculated  from  the 
change  in  emission  which  occurs  when  the  potential  of  the  shield  at  the 
positive  end  of  the  filament  is  increased  from  its  normal  value  by  an 
amount  equal  to  the  potential  drop  along  the  filament  between  the 
shields.  This  makes  the  potential  difference  between  filament  and 
shield  the  same  at  the  two  ends,  and  causes  an  increase  in  current  corre- 
sponding to  5  =  .0335  cm.  for  one  direction  of  heating  current  and  to 
5  =  .0352  cm.  for  the  other.  The  difference  of  about  5  per  cent,  between 
these  values  probably  arises  from  a  slight  geometrical  difference  between 
the  situations  of  the  boxes  about  the  filament.  The  mean  of  these 
corresponds  to  a  correction  to  tp'  of  —  2.24  per  cent. 

To  check  this  calculated  correction,  values  of  ^'  were  redetermined 
for  the  two  directions  of  heating  current,  maintaining  the  proper  relations 
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between  filament  and  box  potentials.  Successive  measurements  gave 
values  lower  than  the  former  values  by  respectively  1.50  per  cent,  and 
2.01  per  cent,  for  one  direction  of  heating  current  and  2.52  per  cent,  and 
1.74  per  cent,  for  the  other  direction.  "  These  are  in  agreement  with  the 
computed  amount  of  the  correction,  although  the  accuracy  of  the  direct 
measurements  is  not  sufficiently  good  to  afford  a  close  quantitative  check. 

The  original  value  of  ip'  corrected  by  —  2.24  per  cent,  gives  4.702  volts, 
and  this  we  regard  as  more  reliable  than  the  redetermined  values.  There 
remains  only  the  correction  due  to  radiation  from  the  plates. 

The  method  of  determining  the  correction  due  to  the  heating  of  the 
plates  has  been  indicated  in  section  A.  It  consists  in  plotting  AE/i 
against  plate  voltage  for  constant  heating  current  with  i  returned  to  the 
middle  and  ends.  This  was  carried  out  at  the  7th  point  of  the  fixed 
resistance,  for  direction  No.  i  of  the  heating  current  and  with  the  boxes 
maintained  in  the  correct  potential  relations  to  the  main  filament.  The 
procedure  adopted  in  these  measurements  was  to  determine 

fAE\      i8AE-AE8i 

'Uj= — -p — 

for  changes  in  plate  potential  from  the  standard  value,  196  volts,  to 
other  potentials  above  and  below  this  value.  The  data  were  then  used 
to  evaluate  the  ratio 


d 


6 


mm 


196 


The  results  of  these  measurements  are  shown  graphically  by  the 
points  in  Fig.  6.     It  will  be  noted  that  from  V  =  140  volts  to  F  =  350 
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volts  the  variation  in  AE/i  is  sensibly  linear.  The  best  line  through 
these  points  has  a  slope  —  0.0210  per  cent,  per  volt,  so  that  the  apparent 
value  of  ^  for  F  =  196  volts  must  be  increased  by  196  X  0.0210  =  4.12 
per  cent.,  this  fraction  applying  not  to  the  above  corrected  value  of  <p' 
but  to  the  value  which  would  be  actually  measured  under  the  conditions 
of  the  test.  This  value  is  5.036  volts,  and  thus  the  value  of  <p  for  the 
seventh  point  is  increased  from  4.702  volts  to  the  final  value  4.91  volts. 
The  estimated  possible  errors  in  this  plate  correction  determination  are 
represented  in  the  figure  by  the  two  dotted  lines. 

In  establishing  lines  in  Fig.  6  the  points  for  V  less  than  140  volts  have 
been  disregarded  because  of  another  voltage  dissymmetry  which  gives 
rise  to  spurious  effects  when  the  plate  potential  is  sufficiently  low.  At 
each  end  of  the  filament  the  emission  is  cut  off  more  or  less  sharply  near 
the  point  at  which  the  filament  enters  the  guard  box.  The  position 
of  this  cut  off  depends  not  only  upon  the  difference  of  potential  between 
box  and  filament,  but  also  upon  that  between  plate  and  filament  and 
upon  the  density  of  emission.  If  the  plate  potential  is  sufficiently  high 
the  fact  that  the  difference  between  plate  and  filament  is  greater  at  one 
end  than  at  the  other  is  unimportant.  As  the  plate  potential  is  reduced, 
however,  this  dissymmetry  becomes  more  marked  and  results  in  an 
appreciable  shift  of  the  center  of  emission  toward  the  negative  end  of 
the  filament,  causing  a  spurious  increase  in  AE/i.  It  was  from  pre- 
liminary measurements  of  the  plate  correction  at  the  seventh  point  that 
196  volts  was  chosen  as  sufficiently  high  to  make  the  effect  of  this  shift 
negligible.  We  believe  the  measured  values  of  ^'  at  the  eighth  point 
are  high  (see  Figs.  4  and  5)  because  this  voltage  was  too  low  for  the 
density  of  emission  from  the  filament  at  this  point. 

As  a  check  on  the  plate  correction  we  may  calculate  roughly  what 
correction  is  to  be  expected.  It  was  shown  in  another  section  that  the 
correction  to  <p  is  given  by  —  /F,  where  /  is  the  fraction  of  the  power 
dissipated  at  the  plates  that  is  absorbed  by  the  filament.  The  diameter 
of  the  filament  is  .00755  cm.  and  its  distance  from  the  plates  0.63  cm. 
If  we  assume  that  the  power  is  dissipated  along  the  normal  projections 
of  the  filament  on  the  plates  and  that  the  radiation  proceeds  from  these 
lines,  equally  from  the  two  sides  of  each  plate  and  in  accordance  with 
the  cosine  law,  then  the  fraction  .003  of  the  total  radiation  is  intercepted 
by  the  filament.  If  the  coefficient  of  absorption  of  the  filament  for  this 
radiation  is  X,  then  /  =  .003X  =  A(p/V,  From  the  measurements 
A<p/V  =  o.04v?/i96.  Taking  v?  as  5  we  find  X  =  0.35  which  is  a  reason- 
able value  for  this  constant.  We  conclude,  therefore,  that  the  experi- 
mental estimate  of  the  plate  correction  is  about  what  might  be  expected. 
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We  have  thus  applied  two  corrections  to  the  original  apparent  value 
4.81  volts  and  have  arrived  at  4.91  volts  as  the  final  correct  value  of  <p 
at  the  seventh  point.     The  temperature  for  this  point  is  2270**  K. 

The  possible  absolute  errors  in  determining,  first,  the  apparent  value 
of  <pt  second,  the  voltage-shift  correction,  and  third,  the  plate  correction 
are  estimated  to  be  ±  .015  volt,  ±  .005  volt,  and  ±  .025  volt.  The 
most  unfavorable  cumulative  error  we  thus  estimate  as  ±  0.045  volt  or 
about  one  per  cent,  of  the  value  of  <p. 

Part  II.    Measurement  of  **6"  in  Richardson's  Equation. 
The  more  common  form  of  Richardson's  equation  is 

The  constants  of  this  equation,  A  and  6,  can  be  readily  determined  and 
the  adequacy  of  the  equation  tested  by  plotting  (log  i  —  i  log  T)  against 
i/r.  This  should  give  a  straight  line  having  the  slope  —  b  log  €.  From 
the  value  of  b  obtained  in  this  way,  ^,  the  equivalent  voltage  of  the  work 
function,  is  determined  from  the  relation,  ip  =  bk/e.  It  is  the  purpose 
of  this  part  of  the  paper  to  describe  the  determination  of  <p  in  this  way, 
and  to  compare  the  value  with  that  obtained  by  the  direct  calorimetric 
measurement. 

With  the  potentiometer  arrangement  described  in  Part  I.  the  relation 
between  the  emission  from  our  filament,  i,  and  the  heating  current,  /, 
was  readily  determined  with  great  accuracy.  Emission  measurements 
were  made  over  as  wide  a  temperature  range  as  possible,  with  the  effective 
plate  potential  held  at  196  volts.  Both  of  the  limits  of  this  range  were 
probably  determined  by  gas  in  the  tube,  the  emission  being  extremely 
steady  except  at  very  low  and  very  high  temperatures.  For  high  tem- 
peratures the  power  dissipated  upon  the  plates  liberated  sufficient  gas 
from  them  to  seriously  change  the  emission.  At  very  low  filament 
temperatures  gas  was  probably  absorbed  by  the  filament,  resulting  in  a 
decrease  in  the  emission. 

Over  the  range  from  o.i  to  10  milliamperes  the  emission  was  always 
extremely  steady  and  data  were  taken  only  for  thic  range.  With  the 
effective  plate  potential  maintained  constant,  as  well  as  the  filament 
heating  current,  there  was  no  certain  difference  in  emission  for  the  three 
methods  of  returning  i  to  the  filament.  Also  there  was  no  change  of  i 
on  reversal  of  the  heating  current.  The  emission  data,  upon  which 
the  determinations  of  b  are  based,  are  given  in  columns  (i)  and  (2)  of 
Table  IV.  The  starred  values  of  /  correspond  to  the  eight  fixed  resistance 
points  used  in  the  calorimetric  determination.     li  is  of  importance  to 
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note  that  the  emission  data  were  taken  in  the  midst  of  the  A£  determinations^ 
and  thai  the  condition  of  the  filament  was  the  same  during  these  two  sets  of 
measurements. 

Table  IV. 


/ 

iXio* 

(amp.). 

T«np«ntiirt  (^K.). 

/ 
(*mp.). 

i  Xio» 
(amp.). 

Tamparatnrv  (^K.). 

(amp.). 

Langmnir. 

W.  and  F. 

T-atiytn^^r, 

W.andF. 

.52895 

1772 

1779 

.75773* 

1.902 

2138 

2158.0 

.55947 

1823 

1833 

.77309  , 

2.538 

2162 

2182.0 

.58999 

1874 

1884 

.78692* 

3.269 

2183 

2204.0 

.62050 

.09341 

1923 

1935.5 

.80360 

4.405 

2207 

2231.0 

.65102 

.1973 

1973 

1986.5 

.80615* 

4.606 

2212 

2235.0 

.68154 

.3967 

2021 

2036.0 

.82975* 

6.875 

2247 

2271.5 

.70646* 

.6784 

2060 

2077.5 

.83412 

7.394 

2254 

2280.0 

.71205 

.7656 

2069 

2086.5 

.85151* 

9.792 

2279 

2306.0 

.72182* 

.9363 

2084 

2102.0 

.86464 

2298 

2327 

.74054* 

1.362 

2113 

2131.5 

.89515 

2342 

2375 

.74257 

1.419 

2116 

2134.5 

.92567 

2386 

2420 

The  accuracy  of  the  measurement  of  b  depends  entirely  upon  the 
determination  of  temperature  as  a  function  of  /.  The  temperatures 
were  found  from  data  for  tungsten  published  by  Langmuir,^  and  by 
Worthing  and  Forsythe,*  using  our  measured  values  of  E  and  /  and  the 
diameter  and  length  of  the  filament. 

The  temperature  of  a  filament  is  uniquely  determined  by  its  resistivity, 
ird^E/^lI,  or  by  the  power  radiated  per  unit  area,  El/irdl.  Here  d  is  the 
diameter  of  the  filament  and  I  its  length.  For  the  sake  of  simplicity 
Langmuir  used  the  functions,  d^E/lI  and  El/dl,  The  temperature  is, 
of  course,  also  completely  determined  by  the  function  resulting  from 
any  combination  of  these  two  functions.  By  eliminating  successively 
each  of  the  variables,  /,  d  and  /,  we  can  obtain  the  three  other  **  tempera- 
ture functions,'*  (E^d)/l;  (£^7)//;  I/d^^^.  Langmuir  published  values 
of  these  five  functions  for  tungsten  at  temperatures  from  300**  K.  to 
3540**  K.,  at  steps  of  100**.  We  plotted  these  tabulated  values  carefully 
on  accurate  cross-section  paper.  For  each  value  of  /  in  Table  IV.  the 
temperature  was  found  in  five  ways  by  locating  the  directly  measured 
temperature  functions  upon  these  curves. 

The  data  of  Worthing  and  Forsythe  are  contained  in  the  two  empirical 
equations, 


log 


''WlJ^ 


3.680  (logio  T  ~  3.3)  -  ^  +  1.900 


1  Physical  Review,  7,  p.  315  (191 6). 

2  Physical  Review,  18,  p.  144  (1921). 
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2000/ 


—  =  59.2  X  10 


In  the  second  of  these  equations  59.2  X  lO"*  represents  the  resistivity 
of  tungsten  at  2000**  K.  From  these  equations  the  five  temperature 
functions  given  above  were  computed  at  steps  of  25**  over  the  range 
covered  by  the  emission  data.  From  the  resulting  curves  five  different 
determinations  of  temperature  were  obtained  for  each  value  of  /,  in 
exactly  the  same  way  as  from  the  curves  of  Langmuir's  figures.  Tem- 
peratures could  be  read  to  within  nearly  i**  from  Langmuir's  curves  and 
to  within  0.5**  from  the  curves  of  Worthing  and  Forsythe. 

The  temperatures  actually  determined  from  the  five  temperature 
functions  differed  considerably  at  each  value  of  the  heating  current,  for 
both  the  scale  of  Langmuir  and  the  scale  of  Worthing  and  Forsythe. 
The  only  possible  explanations  of  this  discrepancy  are,  either,  (i)  our 
filament  differs  from  the  samples  of  tungsten  forming  the  bases  of  the 
temperature  scales;  or  (2)  our  measured  values  of  the  temperature  func- 
tions are  incorrect. 

If  this  latter  is  the  true  explanation  it  can  be  easily  shown  that  the 
error  is  entirely  confined  to  our  value  of  d,  E  and  /  are  known  with 
extreme  accuracy  and  /  with  fair  accuracy,  while  the  measured  diameter, 
7.595  X  io~'  cm.,  is  less  accurate,  and  it  is  probable  that  this  value  was 
somewhat  decreased  by  vaporization  during  pumping. 

In  examining  for  such  a  possible  error  temperatures  were  computed, 
at  a  given  value  of  the  heating  current,  for  a  number  of  assumed  values 
of  d.  Plotting  computed  temperatures  against  d  the  curves  corresponding 
to  the  different  temperature  functions  intersect  at  a  value  about  0.5 
per  cent,  lower  than  the  measured  diameter.  Curves  of  this  kind,  based 
upon  the  scale  of  Worthing  and  Forsythe,  were  plotted  for  four  different 
heating  currents,  including  the  two  extreme  values  of  the  E  —  I  curve. 
At  each  heating  current  the  curves  intersected  at  the  same  value  of  d  to 
well  within  the  limit  of  experimental  error  in  determining  the  curves. 
The  actually  measured  points  of  intersection  were  as  follows: 

/  (amp.) 52895      .68154      .80360      .92568 

d  at  intersection  (cm.  X  10») 7.550        7.55  4        7.556        7.553 

Using  the  mean  value  d  =  7-553  X  io~'  cm.,  all  of  the  five  temperature 
functions  determine  the  same  temperature  to  within  i**  at  each  of  the 
twenty-two  points  of  the  £  —  /  curves.  This  is  a  temperature  range 
of  641°  K. 

The  fact  that  values  of  d  determined  for  different  values  of  /  differ  at 
most  by  one  part  in  1000  is  an  indication  that  the  tungsten  of  our  filament 
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is  the  same  as  that  for  which  Worthing  and  Forsythe's  equations  have 
been  written.  It  is  not,  however,  a  proof  of  such  identity  since  the 
constants  of  these  equations  can  be  altered  somewhat  and  an  equally 
good  series  of  values  of  d  obtained.  This  point  has  been  carefully 
examined  in  connection  with  the  Variations  in  the  constants  from  one 
sample  of  pure  tungsten  to  another  as  reported  in  connection  with  the 
equations.  As  a  result  of  this  examination  we  believe  that  the  tem- 
peratures which  have  been  associated  with  the  heating  currents  do  not 
differ  from  Worthing  and  Forsythe's  scale  by  more  than  two  or  three 
degrees.  As  regards  true  temperatures  we  carry  over,  of  course,  what- 
ever differences  there  may  be  between  Worthing  and  Forsythe's  scale 
and  the  thermodynamic  scale. 

Temperature  determinations  from  Langmuir's  figures  were  not  so 
consistent.  For  heating  currents  over  most  of  the  £  —  /  curve  this 
scale  yielded  values  of  the  diameter  in  the  range  7.550  to  7.555  X  lO"' 
cm.,  in  exact  agreement  with  the  other  determinations.  For  low  currents, 
however,  a  smaller  value  of  the  diameter  was  determined,  the  lowest 
point  of  the  £  —  /  curve  giving  d  =  7.51  X  io~'  cm.  The  best  tem- 
perature determinations  it  was  possible  to  obtain  from  Langmuir's  data 
are  based  on  the  function,  {E^J)/l,  Taking  d  =  7-55(3)  X  lO"'  cm., 
these  temperatures  are  in  good  agreement  with  the  determinations  from 
the  other  functions  except  for  quite  low  values  of  /.  At  the  lowest  point 
of  the  £  —  /  curve  the  greatest  difference  is  14**  K. 

The  temperature  scale  of  Worthing  and  Forsythe  is  probably  more 
accurate  than  that  of  Langmuir.  Furthermore,  our  measurements  do 
not  give  consistent  results  on  the  latter  scale.  Consequently  the  series 
of  temperatures  found  from  the  scale  of  Worthing  and  Forsythe  should 
be  given  much  more  weight  than  the  temperatures  from  Langmuir's 
scale.     These  sets  of  values  are  given  in  columns  (4)  and  (5)  of  Table  IV. 

The  value  of  ''&'*  was  obtained  in  the  ordinary  way  by  plotting 
(logio  *  —  i  logio  T)  against  (i/r).  For  the  highest  points  the  tem- 
peratures have  been  corrected  by  the  computed  temperature  change 
arising  from  the  cooling,  the  greatest  correction  amounting  to  —  3.1 
degrees.  The  plotting  was  done  with  care  on  large  cross-section  paper. 
The  points  fall  upon  two  straight  lines,  corresponding  to  the  two  sets  of 
temperatures,  with  an  accuracy  considerably  greater  than  could  be 
shown  in  a  figure  here.  No  one  of  the  points  on  the  basis  of  Worthing 
and  Forsythe's  scale  is  more  than  one  degree  from  its  line.  The  maximum 
departure  for  the  points  based  on  Langmuir's  scale  is  2.3**. 

The  slopes  of  these  two  lines  divided  by  —  logio  e  give  the  following 
values  of  b: 
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Scale  of  W.  and  F.. 
Scale  of  Langmuir. 


b  (decrees  K.). 


5.541  X  10« 
5.646  X  10* 


f»  (Tolte). 


4.778 
4.869 


In  calculating  corresponding  values  of  tp  we  have  used  k  =  J. 372  X  io~^* 
ergs  per  degree  and  e  =  4774  X  io~^®  e.s.u. 

Of  the  two  values  of  <p  every  consideration  requires  that  we  put  greater 
reliance  in  the  former.  Some  idea  as  to  the  probable  error  of  this  value 
may  be  gained  from  the  consideration  that,  if  the  temperature  at  the 
lowest  point  is  correct  and  the  value  of  <p  is  one  per  cent,  in  error,  then 
the  temperature  at  the  highest  point  must  be  in  error  by  4.3  degrees. 
On  the  other  hand  a  uniform  error  of  10  degrees  from  one  end  of  the 
range  to  the  other  produces  only  a  one  per  cent,  change  in  <p.  It  seems 
unlikely,  then,  that  this  value  of  ^  should  be  in  error  by  much  over  one 
per  cent. 

Discussion  of  Results. 

The  value  found  for  <p  by  the  calorimetric  method,  4.91  volts,  is  2.7 
per  cent,  greater  than  the  value,  4.778  volts,  found  for  the  same  constant 
from  temperature-emission  data  on  the  basis  of  Richardson's  equation. 
We  believe  that  this  difference  is  greater  than  can  be  reasonably  accounted 
for  by  experimental  error.  It  was  pointed  out  in  the  introduction  that 
a  difference  between  these  values  might  exist  because  of  the  impossibility 
of  properly  inferring  the  pressure  of  electrons  in  equilibrium  with  a  metal 
from  the  rate  of  emission  of  electrons  from  it.  If  this  is  the  cause  of  the 
difference,  the  calorimetric  value  is  to  be  regarded  as  the  true  value, 
and  that  determined  from  the  temperature-emission  relation  as  an 
apparent  value  only.  Before  accepting  this  explanation  as  likely  it 
will  be  well  to  consider  again  just  what  the  quantities  are  that  are  being 
compared. 

In  previous  measurements  of  the  calorimetric  tp  by  the  Wheatstone 
bridge  method  it  has  been  customary  to  subtract  from  the  total  energy 
absorbed  per  electron  the  quantity  2k(T  —  To),  This  has  been  done 
on  the  assumption  that  electrons  entering  the  bridge  arm  at  temperature 
To  absorb  this  quantity  of  energy,  on  the  average,  before  leaving  the 
filament  at  temperature  T.  This  term  is  2k{T  —  To)  rather  than 
3/2k{T  —  To)  because  we  are  dealing  with  electrons  passing  through 
surfaces  rather  than  electrons  contained  in  given  volumes.  On  this 
basis  our  calorimetric  value  of  <p  requires  no  such  correction  since  all 
measurements  have  been  made  on  a  filament  of  uniform  temperature. 
The  energy  absorbed  per  electron  measures  directly  the  work  done 
against  electrical  forces. 
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To  be  consistent  with  this  view  in  regard  to  the  calorimetric  ^,  we 
must  suppose  that  the  <p  in  Richardson's  equation  is  also  the  equivalent 
voltage  of  work  done  against  electrical  forces  only.  Richardson  has 
shown  by  means  of  a  thermodynamic  argument  that,  in  general,  ip  must 
vary  with  temperature,  and  that  to  a  close  approximation  it  will  depend 
upon  temperature  through  the  relation 

^  =  ^  H T, 

2  e 

where  v^  is  a  constant.  The  approximation  is  in  the  coefficient  of  T 
which  will  differ  slightly  from  (3/2)  (fe/^)  by  an  amount  which  depends  for 
a  particular  metal  upon  the  coefficient  of  its  Thomson  effect.  If  we  dis- 
regard the  approximate  nature  of  this  relation  the  general  equation 

reduces  to 

i  =  AT^€-Tf. 

The  proper  procedure  in  determining  <p  for  temperature  T  is  to  determine 
<po  from  the  '*7^  equation"  and  then  to  add  to  this  the  quantity 
{3/^)We)T.  If  instead,  <p  is  evaluated  from  the  **7^/«  equation"  what 
one  obtains  is  an  average  value  of  (^0  +  (3f2){k/e)T^  for  the  range  of 
the  measurements.  The  difference  between  these  quantities  in  the 
present  measurements  is  comparable  with  the  experimental  error  in 
determining  the  slopes  of  the  straight  lines.  It  seems,  therefore,  that 
the  measurements  have  been  made  in  accordance  with  the  requirements 
of  the  classical  theory,  and  that  a  better  agreement  was  to  have  been 
expected  than  has  been  obtained. 

It  is  generally  recognized,  however,  that  while  the  classical  theory 
affords  a  satisfactory  explanation  of  thermionic  emission,  and  has  one  or 
two  other  notable  achievements  to  its  credit,  it  affords  on  the  whole  an 
unsatisfactory  account  of  the  electrical  and  thermal  properties  of  metals. 
We  should  consider,  therefore,  whether  a  different  theory  may  be  ex- 
pected to  lead  to  a  different  set  of  thermionic  relationships.  This 
question  has  been  considered  by  Richardson^  who  finds  that  differences 
are  to  be  expected,  and  these,  it  appears,  may  very  well  be  of  a  sort  to 
account  for  the  discrepancy  we  find  between  the  differently  determined 
values  of  (p.  If  we  assume,  for  example,  that  the  conduction  electrons 
in  a  metal  possess  no  thermal  energy  whatever,  then  the  heat  absorbed 
per  electron  leaving  the  surface  of  a  filament  is  a  measure  of  ipe  +  2kT^ 

»  O.  W.  Richardson.  "The  Emission  of  Electricity  from  Hot  Bodies."  ist  ed.,  p.  169;  2d  ed., 
p.  185. 
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the  work  done  against  electrical  forces  plus  the  thermal  energy  which 
the  emitted  electron  is  known  from  direct  experiment  to  possess. 

Consistent  with  this  we  must  suppose,  in  the  derivation  of  Richardson's 
equation,  that  when  a  system  consisting  of  an  enclosure  containing  a  body 
in  equilibrium  with  its  electron  atmosphere  at  temperature  T  undergoes 
an  isothermal  expansion  v,  the  heat  absorbed  is  nv(<pe  +  (^/2)kT)  +  pv, 
instead  of  the  same  expression  with  the  (^/2)kT  term  omitted.  This 
term  does  not  appear  on  the  classical  theory  because  the  average  thermal 
energy  of  the  electrons  is  supposed  the  same  inside  as  outside  the  metal, 
((3/2)Jfer  in  each  case).  The  difference  that  this  makes  in  the  interpreta- 
tion of  Richardson's  "p/*  equation"  is  that  the  measured  value  of  ^, 
which  we  will  now  refer  to  as  <pu  is  no  longer  the  equivalent  of  work  done 
against  electrical  forces  but  that  <pi  =  <p  +  {s/2){k/e)T,  where  tp  is  this 
equivalent.  This  gives  at  once  a  reasonable  explanation  of  the  required 
variation  of  <pi  with  temperature,  that  is,  of  the  relation 

<Pi  =  <po  H T. 

2  e 

On  the  present  theory  <po  is  identified  with  <p,  and  this  term  alone  repre- 
sents work  done  against  electrical  forces.  The  second  term  is,  in  a  sense, 
a  proper  part  of  the  work  function,  but  it  does  not  represent  a  linear 
increase  in  the  restraining  voltage  with  temperature.  Another  alteration 
is  that  the  approximation  in  the  expression  for  <pi  is  no  longer  confined 
to  the  second  term,  so  that,  <po  (or  <p)  may  vary  somewhat  with  tem- 
perature. 

What  this  means  in  connection  with  the  present  experimental  results 
is  that  the  equivalent  voltage  of  work  done  against  electrical  forces  alone 
is  obtained  by  subtracting  2{k/e)T  from  the  calorimetric  value  of  <p,  or 
(3/2)  (ife/e)r  from  the  value  calculated  from  the  temperature-emission 
relation.     Making  these  subtractions  for  T  =  2270**  K.,  we  have 

<p  =  4.91    —  0.391  =  4.52  volts  (calorimetric) 

<p  =  4.778  —  0.293  =  4.48  volts  (temperature-emission) 

i.e.,  values  of  <p  are  obtained  differing  by  less  than  one  per  cent. 

While  it  may  be  reading  too  much  into  the  results  to  say  that  they 
differentiate  between  the  two  theories  in  favor  of  the  view  that  the  con- 
duction electrons  in  metals  possess  little  or  no  thermal  energy,  it  may  at 
least  be  said  that  they  are  more  consistent  with  this  view  than  with  the 
classical  theory. 

It  may  be  cited  as  further  evidence  in  support  of  this  view  that  our 
value  of  <p  by  the  calorimetric  method  is  in  better  agreement  with  that 
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of  H.  H.  Lester  on  the  non-classical  than  on  the  classical  theory.  Lester's 
value,  4478  volts,  was  obtained  by  subtracting  2k/e{T  —  To)  from  the 
total  equivalent  of  the  energy  absorbed  per  electron,  Thig  should  be 
the  correct  value  on  the  classical  theory.  On  the  non-classical  theory 
the  quantity  subtracted  would  have  been  2k/eT,  giving  <p  =  4438  volts. 
The  agreement  between  our  value  of  <p  and  Lester's  is  thus  better  on  the 
latter  theory.  This  will  be  clearer  perhaps  if  all  of  the  figures  are  set 
down  together. 


Lester. 


D.  &0. 


Diff. 


Classical  theory 

Non-classical  theory . 


ip  -  4.478 
V  «  4.438 


4.91 
4.52 


9.6% 
1.9% 


There  is  some  difficulty,  of  course,  in  understanding  how  it  is  that, 
if  the  conduction  electrons  in  a  metal  do  not  possess  normal  thermal 
energy,  they  nevertheless  escape  from  the  surface  with  the  average 
energy  2kT.  The  way  out  of  this  difficulty  may  be  contained  in  Borelius'  ^ 
suggestion  that  while  the  conduction  electrons  in  the  body  of  a  metal 
possess  only  a  small  fraction  of  normal  thermal  energy  those  near  the 
surface  possess  the  normal  amount. 

In  connection  with  some  more  recent  work  we  have  been  led  to  the 
consideration  of  quite  a  different  possible  explanation  of  the  difference 
between  the  values  of  (p  found  by  the  two  methods.  As  this  cannot  well 
be  taken  up  here  it  will  be  presented  in  a  later  publication. 

We  take  pleasure  in  expressing  our  thanks  to  Mr.  R.  E.  A.  Putnam 
of  this  laboratory  who  contributed  much  in  preliminary  experiments 
to  the  development  of  the  present  calorimetric  method,  and  to  Drs.  H. 
D.  Arnold  and  W.  Wilson  for  the  interest  they  have  taken  in  this  work, 
and  for  the  encouragement  they  have  given  us. 
Research  Laboratories  op  the 

American  Telephone  and  Telegraph  Company, 

AND  the  Western  Electric  Company,  Incorporated. 
Feb.  I,  192a. 

»  Phil.  Mag.,  40,  p.  746  (1920). 
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THE  RELATIVE  SENSITIVITY  OF  THE  EAR  AT  DIFFERENT 
LEVELS  OF  LOUDNESS. 

By  Donald  MacKsnzib. 
Synopsis. 

AUemaiion  Phonometer  for  Balancing  the  Loudness  of  Tones  of  Different  Pitch. — It 
has  been  found  that  if  two  tones  alternate  in  the  ear  at  a  suitable  rate,  for  instance 
35  times  a  second,  the  interruptions  of  the  louder  tone  are  the  more  conspicuous,  and 
it  is  possible  to  adjust  the  relative  intensities  until  the  interruptions  are  equally 
conspicuous.  Two  tones  when  balanced  in  this  way  are  said  to  be  equally  loud. 
This  definition  is  justified  by  the  fact  that  if  two  tones  each  balance  a  third  tone 
they  are  found  to  balance  each  other  and  are  also  accepted  by  the  ear  as  equally 
loud.  The  electrical  circuit,  commutating  relays,  and  other  apparatus  iised  in 
making  a  loudness  balance  are  described.  To  enable  the  mean  pressure  of  the 
sound  at  the  ear  drum  to  be  calculated  from  the  electrical  energy  input,  either  a 
thermophone,  whose  theory  is  known,  or  an  electromagnetic  receiver  which  had 
been  calibrated  (rather  imperfectly)  by  means  of  an  artificial  ear  cavity  and  an 
electrostatic  transmitter,  was  used  next  the  ear.  Successive  readings  usually  agree 
within  5  per  cent. 

Relative  Sensilivity  and  Sensibility  of  the  Ear,  at  Various  Loudness  Levels,  for 
Frequencies  offrm  100  to  4,000  per  Second. — (i)  Phonometric  comparisons  with  a 
thermal  receiver  were  made  by  ten  men  and  ten  women  over  a  limited  range  of 
loudness.  The  results  correspond  to  the  equation  log  Pi  «  A  +  B  log  Pt,  where 
Pi  and  Ps  are  the  acoustic  pressures,  computed  from  the  thermophone  theory,  of  the 
two  balanced  tones.  This  equation  is  in  harmony  with  Fechner's  law.  The  constant 
—  A  is  the  sensitivity  and  depends  only  on  the  threshold  pressures;  i/B  is  the 
relative  sensibility  at  the  two  frequencies  and  is  found  to  be  constant,  within  10  per 
cent.,  for  the  entire  range  of  frequencies  investigated.  The  curves  for  men  and 
for  women  show  no  S3r8tematic  differences  except  at  the  higher  frequencies  where 
resonance  of  the  ear  cavity  begins  to  enter,  (a)  With  an  electromagnetic  receiver 
a  greater  loudness  range  was  possible,  the  pressure  being  varied  up  to  30,000  times 
the  threshold  values.  Of  33  curves  obtained  with  four  observers  making  com- 
parisons against  700  cycles,  35  were  straight  throughout,  in  agreement  with  the 
thermophone  results,  and  only  7  were  distinctly  curved  near  the  extremes.  The 
slope  at  all  frequencies  is  between  0.9  and  i.o;  therefore  the  sensibility  is  practically 
uniform,  at  least  to  3,000  cycles  and  at  all  loudness  levels.  No  evidence  of  a  phono- 
metric  Purkinje  effect  was  observed,  but  it  may  be  present  for  pressures  near  the 
threshold  values.  Since  the  pressures  are  all  computed,  the  absolute  values  of  A 
probably  contain  small  systematic  errors,  but  these  would  not  affect  the  values  of  B. 

INVESTIGATIONS  of  the  sensitivity  of  the  ear  at  the  threshold  of 
audition  enjoy  the  advantage  of  dealing  with  one  frequency  at  a 
time.  If  it  is  desired  to  study  ear  sensitivity  at  higher  levels,  means  must 
be  devised  for  the  adjustment  of  different  frequencies  to  equality  of 
loudness.  This  done,  data  may  be  obtained  showing  physical  intensities 
of  sounds  which  to  the  ear  are  equally  loud. 

Methods  of  Sound  Comparisons. 
The  customary  method  of  making  loudness  balances  is  to  listen  to  one 
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frequency,  then  to  the  other,  changing  the  intensities  until  the  sounds 
are  accepted  as  equally  loud.  This  measurement  can  be  made  with  some 
precision  when  the  sound  sources  compared  are  emitting  the  same  note, 
but  is  highly  uncertain  with  two  notes  of  different  pitches.  Aside  from 
the  flagging  of  the  attention,  there  occurs  a  decay  of  the  sensation, — the 
mechanism  which  appreciates  loudness  is  fatigued  as  the  sound  continues. 
Presumably,  a  different  mechanism  responds  to  the  second  frequency, 
and  the  comparison  made  is  between  a  decayed  response  to/i  and  a  fresh 
response  to  ft.  This  decay  of  sensation  is  readily  observed  by  listening 
to  a  steady  tone  which  suffers  from  time  to  time  interruption  for  a  per- 
ceptible interval, — after  each  interruption  the  sound  seems  louder, 
although  the  physical  intensity  has  not  altered. 

It  might  be  affirmed  that  such  an  error  is  offset  by  the  opposite  error 
when  the  order  of  the  compared  frequencies  is  reversed.  In  point  of 
fact,  however,  each  change  leaves  the  ear  in  doubt,  and  the  continuance 
of  the  work  results  in  fatigue  of  all  the  auditory  mechanisms  involved. 
The  net  result  is  confusion  and  the  impossibility  of  obtaining  consistent 
observations. 

In  optical  work,  the  flicker  photometer  has  made  it  possible  to  compare 
the  brightnesses  of  different  colors.  A  flicker  frequency  is  obtainable 
.such  that  the  colors  fuse  subjectively,  and  fluctuations  in  intensity,  as 
well  as  the  distinction  of  color,  disappear  at  a  definite  brightness  ratio 
of  the  colors  compared. 

A  mechanically  operated  device,  termed  a  flicker  phonometer,  has 
been  patented  by  Heck.^  The  essential  feature  of  this  invention,  as  dis- 
closed in  the  patent,  is  a  sound-insulated  valve  automatically  rotated  at 
adjustable  speed.  Two  tubes  separately  receive  the  sounds  it  is  desired 
to  compare,  and  each  tube  conveys  an  acoustic  wave  to  the  rotating 
valve,  by  which  one  tube  is  opened  as  the  other  is  closed.  Through  the 
valve  the  tubes  discharge  sound  to  horns  movable  on  a  track,  each  facing 
the  inlet  to  a  tube  leading  to  the  ear.  The  claim  is  made  that  by  proper 
disposition  of  the  horns  and  regulation  of  the  valve,  pulsations  in  intensity 
of  the  sound  reaching  the  ear  can  be  caused  to  disappear.  It  is  not 
apparent  that  the  inventor  contemplated  the  comparison  of  sounds  of 
widely  different  pitches. 

In  this  laboratory  it  has  been  found  possible  by  electrical  means  to 
make  use  of  the  perception  of  flicker  in  an  alternation  phonometer.  Let 
two  frequencies  alternate  in  the  ear  at  a  suitable  rate,  the  intensity  of 
one  being  maintained  constant  while  the  other  is  varied  from  faint  to 
loud  in  comparison.     The  strong  tone  is  heard  plainly  interrupted,  ac- 

»  Method  and  Apparatus  for  Comparing  Sounds.  C.  M.  Heck:  U.  S.  Pat.  No.  i. 356.359. 
October  19,  1920. 
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companied  by  the  weaker  tone  whose  interruptions  are  not  clearly  dis- 
tinguished. If  now  the  weak  tone  is  progressively  strengthened,  its 
interruptions  begin  to  claim  the  observer's  attention  and  with  further 
increase  in  intensity  come  to  overshadow  the  constant  tone  just  as  they 
were  previously  overshadowed  when  faint.  A  little  practice  enables  the 
observer  to  determine  a  point  at  which  the  ear  recognizes  the  two  tones 
as  equally  interrupted:  the  attention  is  here  impartially  divided,  whereas 
on  either  side  of  this  point  one  or  the  other  of  the  tones  makes  the  stronger 
impression.    Such  a  point  may  be  identified  with  a  loudness  balance. 

This  statement  is  justified  by  the  following  considerations:  (i)  un- 
practiced  observers  can  reproduce  their  balances  within  4  per  cent.; 
(2)  on  comparing  in  the  usual  manner  the  tones  so  equated,  it  is  not 
possible  to  affirm  which  is  the  louder;  (3)  if  in  this  way /i  is  compared 
with/i,  and  the  value  of  ft  just  found  is  balanced  in  turn  against /$,  then 
/i  and  /s  have  values  which  on  direct  comparison  are  found  to  balance. 

Comparisons  of  this  kind  avoid  difficulties  due  to  the  shortness  of  the 
persistence  of  audition  and  to  ear-fatigue.  It  is,  moreover,  plausible 
to  urge  that  the  level  of  any  sensation  is  specified  by  the  attention  paid 
to  the  stimulus,  and  it  is  on  this  basis  that  the  alternation  phonometer  is 
operated. 

The  Alternation  Phonometer. 

The  currents  furnished  by  two  oscillators  are  alternately  impressed  on 
an  electrical  generator  of  sound  by  the  armature  of  a  polarized  telegraph 
relay,  driven  from  another  such  relay  at  a  controllable  speed.  The  relays 
and  their  operating  circuit  are  shown  in  Fig.  i.  The  use  of  these  relays 
and  the  circuit  of  Fig.  i  were  suggested  by  Dr.  W.  S.  Gorton  of  this 
laboratory. 

Adjustment  is  carefully  made  to  secure  (within  i  per  cent.)  equality 
of  duration  of  contacts  on  the  two  sides,  and  travel  time  between  contacts 
not  greater  than  0.002  second.  This  travel  time  should  not  be  exceeded, 
it  being  desirable  to  avoid  intervals  of  silence.  Within  this  limit,  avail- 
able sounding  intervals  range  from  0.020  to  0.080  second.  An  interval 
of  0.040  second  is  suitable  for  frequencies  100  to  4000. 

The  currents  commutated  by  the  driven  relay  are  amplified  and 
supplied  either  to  a  gold-leaf  thermophone  or  to  an  electromagnetic 
receiver.  Fig.  2  is  a  diagram  of  the  circuit  between  the  relay  commutator 
and  the  sound  generators. 

Specimen  Results. 
In  preliminary  experiments  the  procedure  was  to  keep  fixed  the  in- 
tensity of  one  of  the  tones  and  vary  the  other  until  a  balance  was  reached. 
Comparisons  with  the  thermophone  were  made  by  one  observer  of  a  large 
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number  of  frequencies  from  lOO  to  4,000  cycles.  The  r.m.s.  alternating 
pressures  in  the  cavity  consisting  of  the  thermophone  case  and  the  ear 
canal  were  computed  from  a  theoretical  formula  developed  by  Dr.  E. 
C.  Wente.i 
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If  we  compare  400  vs.  500,  500  vs.  600,  we  can  infer  the  result  of  a 
direct  comparison  of  400  vs.  600,  Call  pi  the  r.m.s.  alternating  pressure 
due  to  a  frequency /i  balanced  by  pt  due  to/t,  Pi  due  to/s.  For  the  case 
where /i  =  400, /^  =  500, /s  =  600,  we  find  the  following  results: 


Fixed  in 
Volnme. 

400  (/i)         w. 
400  vs. 


Varied  in 
Volnme. 

500 

600 


Table  I. 

Observer:  T.  J.  E. 


500  (/,) 
500 

600  (/i) 
600 


vs. 
vs. 


vs. 
vs. 


400. 
600. 


400. 
500. 


Here 


Pi 

zr  =  ^-33; 

pi 


^^=1.22; 

Pz 


.-.^=1.62. 

pz 


» "The  Thermophone,"  Phys.  Rev..  19.  PP-  333-345.  April,  1922. 


Varied  ,  Ratio  of  Preisarea 
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0.76 

0.66 


.1.33 
.0.84 


.1.70 
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By  direct  comparison, 


^  =  1.70. 


ORCtWT  Of  THE  ALTERNATION   PMONOMCTTO 
'16  r 


Fig.  2. 

Again,  when  the  frequencies  exchange  rdles,  the  one  previously  main- 
tained at  fixed  volume  becoming  the  variable,  we  find 


pi 

By  direct  comparison. 


I?  =  0.84; 

P2 


^  =  0.66. 
Pi 


-^  =  0.64. 


The  question  arises,  does  the  pressure-ratio  at  balance  vary  with  the 
absolute  sensation  level  ?  To  answer  this,  comparisons  of  100  vs.  300 
were  made  at  pressures  ranging  from  i  to  8  dynes/cm.*  for  300,  2  to  26 
dynes/cm.*  for  100.  Figs.  3  and  4  are  curves  representing  these  data, 
obtained  by  two  observers. 

The  data  of  one  observer  are  plotted  in  the  upper  curve  of  Fig.  3. 
The  lower  curve  of  this  figure  represents  data  taken  by  the  same  observer, 
comparing  the  same  frequencies,  on  the  following  day.  In  the  second 
case,  a  slower  rate  of  commutation  was  used,  the  higher  speed  being 
judged  too  high  for  satisfactory  perception  of  the  lOO-cycle  tone. 

The  computed  points  are  obtained  from  a  law  suggested  by  a 
logarithmic  plot.  It  is  seen  that  there  is  good  agreement  between  the 
points  so  computed  and  those  actually  observed. 
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Concordance  with  Fechner's  Law. 
Ab  initio,  we  should  feel  no  surprise  at  finding  a  logarithmic  law.     If 
we  are  working  at  a  sensation]^level  within  the  range  of  Fechner's  law,  the 
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Fig.  3. 
sensation  should  be  connected  with  the  stimulus  (in  this  case  loudness 
with  pressure)  by  the  relation 

5  =  c  log  P  +  a. 
When  two  frequencies  are  at  the  same  loudness, 

5  =  ci  log  Pi  +  ai  =  C2  log  P%  +  02 

or 

a^  —  ax       c^ 
log  Pi  =  - h  7  log  Pi. 

Within  the  range  of  validity  of  such  a  law,  then,  we  should  expect  the 
balances  to  obey  a  law  of  the  form 

log  Pi  =  ^  +  5  log  P2. 

Further  evidence  confirmed  this  expectation.  Fig.  4  shows  logarithmic 
plots  of  the  data  of  another  observer  (T.J.E.)  comparing  100  w.  200, 
200  vs,  300,  100  vs,  300.  The  logarithmic  law  satisfies  observations  on 
frequencies  from  100  to  4,000. 
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At  the  higher  frequencies  (2,000  to  4,000)  difficulties  were  found  in 
checking  indirect  with  direct  comparisons.  If  the  thermophone  case 
is  not  held  tightly  against  the  ear,  a  small  opening  converts  the  cavity 
into  a  Helmholtz  resonator  and  so  enhances  the  effect  of  the  tone  whose 
frequency  is  the  nearer  to  the  natural  frequency  of  the  resonating  cavity. 
This  source  of  error  may  be  precluded  by  care  in  manipulation.  An 
additional  uncertainty  is  introduced  by  harmonics  contaminating  the 
tones, — this  difficulty  is  remedied  by  the  introduction  of  filters.  Failure 
to  check  direct  against  indirect  comparisons  may  also  be  due  to  omitting 
the  precaution  to  make  comparisons  at  a  fixed  sensation  level. 
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Fig.  4. 

When  care  is  taken  to  conform  to  these  three  specifications  (tight  fit 
of  thermophone  against  ear,  purity  of  tones  compared,  fixed  level  of 
sensation),  the  discordance  between  direct  and  Indirect  comparisons  is 
small. 

The  introduction  of  a  duplex  potentiometer,  reducing  one  tone  as  the 
other  is  increased,  enables  the  observations  to  be  made  more  rapidly  and 
with  greater  confidence.  After  each  balance,  the  relays  are  stopped  and 
the  necessary  current  readings  taken.  In  addition,  the  observer  is  given 
an  opportunity  to  compare  the  loudnesses  of  the  tones  he  has  adjusted 
and  is  asked  if  his  ear  accepts  them  as  equal.  In  nearly  every  case  he 
finds  no  fault  with  the  balance.  The  oscillators  are  then  interchanged 
on  the  potentiometer  and  the  observation  repeated;  the  average  of  the 
two  settings  is  plotted.  A  discordance  as  great  as  5  per  cent,  is  un- 
common, and  does  not  occur  in  the  absence  of  distracting  room  noises. 
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Suitable  changes  in  currents  enable  four  pairs  of  balances  to  be  made  at 
levels  such  that  the  corresponding  points  are  uniformly  spaced  on  a 
logarithmic  plot. 

Ear  Surveys  with  Thermophone. 

A  survey  of  20  ears  (of  10  men  and  10  women)  was  carried  out  with  the 
thermophone.  Comparisons  were  made  at  four  levels  involving  the 
frequencies  100  (or  120),  200,  300,  500,  700,  1,000,  1,500,  2,000,  3,000 
and  4,000  cycles.  Time  did  not  permit  all  possible  combinations,  hence 
in  several  cases  comparisons  were  made  of  widely  separated  frequencies 
in  order  to  test  the  claim  that  direct  comparisons  may  be  inferred  from 
indirect. 

Of  180  comparisons  made  by  the  20  observers,  the  results  in  93  cases 
fitted  logarithmic  straight  lines  to  within  the  error  of  the  current  measure- 
ments. No  systematic  deviations,  either  for  men  or  women,  were  found 
in  the  other  cases.  Accordingly,  the  occasional  wide  deviations  were 
attributed  to  experimental  blunders.  In  view  of  the  general  confidence 
in  Fechner's  law  and  the  concordance  with  it  of  most  of  the  results  of 
this  survey,  the  logarithmic  equation  seems  satisfactory. 

As  an  illustration,  the  results  obtained  by  one  observer  are  given  in  the 
table  below: 

Table  II. 

Observer:  P,  H,  G, 
logio  Pi  «  A  +  B  logio  Pi. 


yi. 

/t. 

A, 

B. 

(1) 

100 

200 

300 

500 

700 

1000 

1500 

2000 

3000 

300 

300 

500 

700 

1000 

.  1500 

2000 

3000 

4000 

0.63 
.19 
.30 
.21 
.14 
.30 
.08 
.13 
.28 

.92 

(2) 

1.00 

(3) 

1.04 

(4) 

.97 

(5) 

.97 

(6) 

1.02 

(7) 

.96 

(8) 

.93 

(9) 

.90 

200 
200 

3000 
3000 

1.41 
1.34 

.91  direct 

.91  indirect  combining 

(2)-(3)-(4)-(5)-{6)-(7)-(8) 

Weighting  the  observations  equally,  we  plot  in  Fig.  5  the  averages  of 
all.  For  each  comparison  four  circles,  each  the  average  of  20  settings, 
represent  the  observations  by  the  men ;  four  crosses,  those  by  the  women. 

It  is  apparent  that  the  averages  fit  logarithmic  straight  lines  closely 
and  that  there  is  no  certain  difference  between  circles  and  crosses,  except 
in  the  comparisons  of  2,000  and  4,000  against  3,000.     It  is  near  these 
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frequencies  that  resonance  is  to  be  expected.  The  canal  and  the  ear 
cavity  have  been  taken  in  the  pressure  computations  a^  of  the  average 
length  and  volume;  for  this  reason  the  circles  and  the  crosses  would  fail 
to  coincide  at  frequencies  near  resonance  should  there  be  between  men 
and  women  a  systematic  difference  in  shape  of  ear  cavity. 

Table  III.  is  a  condensed  tabulation  of  the  results  obtained.  The 
separate  comparisons  have  been  reduced  to  700  cycles  as  reference 
frequency. 
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Table  III. 

logio  Ff  ^  A  •\-  B  logio  P700. 


A, 

B. 

Indhridoml  Bztremes. 

/. 

A, 

B. 

200 

300 

500 

700 

1,000 

1,500 

2,000 

3,000 

4,000 

0.76 

0.52 

0.21 

0.00 

-0.21 

-0.45 

-0.60 

-0.82 

-1.14 

0.97 
.98 
.98 
1.00 
1.00 
.99 
.89 
.84 
.74 

0.57,       .96 
.41,      .65 
.14,      .33 

-  .29,  -.09 

-  .66,  -.33 

-  .81,  -.38 
-1.40,  -.50 
-1.67,  -.79 

0.62,  1.42 
.59,  1.18 
.77,  1.10 

.83,  1.29 
.80,  1.22 
.62,  1.09 
.63,  1.14 
.39,  1.37 
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Relative  Sensitivity  of  the  Ear. 

It  is  convenient  to  regard  the  data,  taken  all  together,  as  yielding  a 
determination  of  the  acoustic  pressures  which  phonometrically  balance 
the  pressure  of  i  dyne  per  sq.  cm.  at  700  cycles.  The  reciprocals  of  these 
pressures  express  the  relative  ear  sensitivity.  Tht  frequency  of  700  cycles 
is  chosen  as  standard  because  it  is  the  last  audible  frequency  in  the  average 
voice  progressively  attenuated,  and  the  reference  value  of  pressure 
roughly  corresponds  to  the  band  of  average  speech  between  600  and 
800  cycles. 

In  Fig.  6,  curve  A  is  the  ear  sensitivity  referred  to  the  standard  just 
described.  The  ordinates  of  this  curve  are  the  negatives  of  the  values 
of  A  in  Table  III.;  frequencies  on  the  musical  scale  are  plotted  as 
abscissae. 
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Values  of  B  in  Table  III.  show  the  change  in  log  P/  required  to  maintain 
the  phonometric  balance  when  log  P-m  changes  by  unity.  Reciprocals 
of  the  B"s  therefore  exhibit  the  ear  sensibility  referred  to  700  cycles:  curve 
B,  Fig.  6. 

It  is  to  be  emphasized  that  the  alternating  pressures  generated  by  the 
thermophone  are  obtained  from  computation.  As  yet  no  method  has 
been  devised  for  the  immediate  measurement  of  pressures  on  the  ear 
drum,  or  for  studying  the  reaction  of  the  air  chamber  and  walls  of  the 
ear  on  the  thermophone.  Until  such  ideal  measurement  is  possible, 
the  values  of  A  cannot  be  guaranteed  free  from  systematic  errors.     Prob- 
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ably  these  errors  are  small,  and  below  2,000  cycles  do  not  greatly  vary 
with  frequency.  The  abrupt  turn  in  curve  A,  Fig.  6,  may  be  due  either 
to  resonance  of  the  air  cavity  or  to  resonance  of  the  drum. 

The  value  of  jB,  on  the  other  hand,  should  be  unaffected  by  an  un- 
certainty in  that  of  A,  provided  only  the  acoustic  output  of  the  sound 
generator  be  proportional  to  the  electrical  input.  It  will  be  noted  that 
up  to  1,500  cycles,  the  relative  sensibility  is  unity,  but  increases  appre- 
ciably to  1.35  at  4,000  cycles.  Reexamination  of  the  data  discloses  the 
fact  that  if  we  exclude  those  observers  whose  comparisons  above  1,000 
cycles  were  in  any  case  erratic,  we  have  left  eight  ears  out  of  twenty  for 
which  the  values  of  B  lie  between  0.9  and  i.i.  The  indirect  comparison 
of  4,000  and  700  involves  five  steps:  blunders  or  errors  in  any  one  of 
these  distort  the  series  of  B's  for  the  ear  concerned.  It  appears  reason- 
able, therefore,  to  take  the  sensibility  as  uniform  over  the  frequency 
range  covered.^ 

In  Fig.  6  observations  at  100  cycles  by  8  men  and  at  120  cycles  by  the 
10  women  are  represented  by  crosses,  to  which  the  curve  A  is  tentatively 
extended. 

The  advantages  of  the  thermophone  as  a  sound  generator  are  conve- 
nience of  computation  and  practical  absence  of  transients.  A  serious 
disadvantage  is  the  narrowness  of  the  available  range  of  loudness.  The 
extremes  of  pressure  within  which  the  ear  can  accommodate  are  in  the 
ratio  lo*  to  i;  the  thermophone  surveys  cover  only  one-sixth  of  this 
range,  the  pressure  limits  being  10  to  r.  Conceivably,  the  simple  law 
valid  within  these  limits  may  fail  outside  them. 

Extension  of  Loudness  Range. 

Wider  limits  were  reached  by  the  use  of  an  air-damped  electromagnetic 
receiver  in  place  of  the  thermophone.  The  supply  circuit  of  the  receiver 
includes  an  attenuator,  as  shown  in  Fig.  2.  The  dial  of  the  attenuator 
is  marked  in  "napiers" :  the  introduction  of  N  napiers  reduces  the  voltage 
at  the  receiver  terminals  to  e"^  times  its  former  value.  On  this  account 
it  is  convenient  to  express  the  sound  output  of  the  receiver  in  napiers 
(natural  logarithms  of  the  pressures). 

The  unattenuated  sound  emitted  by  the  receiver  is  as  loud  as  the  ear 
can  tolerate  without  discomfort.  With  the  attenuator  the  tone  can  be 
reduced  to  inaudibility. 

The  electromagnetic  receiver  is  calibrated  in  terms  of  acoustic  pressure 
per  volt  input  at  the  frequencies  selected  for  the  phonometer  comparisons. 

*  This  conclusion  is  confirmed  by  V.  O.  Knudsen,  who  finds  the  sensibility  nearly  inde- 
pendent of  the  frequency  between  100  and  4,000  cycles:  "Sensibility  of  the  Ear  to  Small 
Differences  in  Intensity  and  Frequency"  (abstract).  Phys.  Rbv.,  19,  p.  261,  Mar.,  1922. 
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An  "artificial  ear,"  coupling  the  receiver  and  an  electrostatic  transmitter- 
amplifier  system,  enables  the  calibration  to  be  made  as  follows: 

An  alternating  voltage  of  a  given  frequency  and  appropriate  magnitude 
is  impressed  on  the  receiver  terminals  and  the  corresponding  amplifier 
output  noted.  The  receiver  is  then  silenced  and  a  known  voltage  of 
the  same  frequency  introduced  into  the  amplifier  input  in  series  with 
the  electrostatic  transmitter.  Comparison  of  the  amplifier  output  in 
this  case  with  that  due  to  sound  pressure  on  the  transmitter  diaphragm, 
together  with  the  dynamical  characteristic  of  the  transmitter,  permits 
computation  of  the  sound  pressure  corresponding  to  the  alternating 
voltage  on  the  receiver.  The  artificial  ear  is  intended  to  simulate  the 
real  ear  in  respect  to  volume  and  mechanical  reaction  on  the  receiver 
diaphragm.  Were  this  simulation  perfect,  the  observations  just  de- 
scribed would  enable  us  to  compute  the  pressures  on  the  ear-drum  when 
the  receiver  is  held  against  the  ear. 

However,  the  simulation  is  far  from  perfect.  The  real  ear  affects  the 
motion  of  the  receiver  in  a  way  which  the  artificial  ear  imitates  fairly 
well  over  the  central  region  of  the  frequency  range.  But  the  cylindrical 
cavity  and  the  rigid  walls  of  the  artificial  ear  differ  greatly  from  the 
comparatively  soft  walls  of  the  curved  auditory  canal  and  external  ear, 
and  the  artificial  ear  fails  at  high  and  at  low  frequencies. 

We  have,  then,  a  calibration  of  the  electromagnetic  receiver  under 
conditions  which  differ  from  those  of  use,  and  the  results  of  work  with 
such  a  sound  generator  can  not  be  stated  in  ideally  accurate  numerical 
values. 

It  is,  however,  permissible  to  use  the  receiver  without  the  perfect 
calibration.  Provided  the  pressure  output  of  the  receiver  is  proportional 
to  the  voltage  at  its  terminals,  and  provided  further  that  this  voltage  is 
known,  it  is  possible  to  study  variations  in  relative  sensitivity  as  the 
loudness  varies  between  wide  limits. 

Both  requirements  mentioned  above  may  be  incompletely  satisfied. 
At  high  levels  the  receiver  may  be  overloaded  and  the  sound  output  cease 
to  be  proportional  to  the  voltage.  At  low  levels,  where  great  attenuation 
is  introduced,  the  impedance  of  parasite  current  paths  may  no  longer  be 
large  in  comparison  with  that  of  the  network  in  the  attenuator  and  the 
voltage  at  the  receiver  terminals  may  be  incorrectly  deduced  from  the 
dial  setting.  Such  parasite  paths  are  offered  by  capacity  between  input 
and  output,  due  to  conductors  in  the  vicinity  of  the  attenuator,  and  by 
induction  owing  to  inadequate  shielding  of  input  and  output  leads. 
Care  was  taken  to  place  and  shield  the  leads  safely,  but  it  was  desirable 
to  determine  how  successfully  this  was  done. 
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The  proportionality  of  sound  output  to  impressed  voltage  is  tested  by 
bringing  the  receiver  up  to  the  transmitter-amplifier  and  reading  amplifier 
output  currents  for  alternating  voltages  corresponding  to  attenuator 
settings  from  o  to  4  napiers.  As  in  the  calibration  of  the  receiver,  voltages 
in  the  transmitter  are  determined.  By  reason  of  the  great  stiffness  and 
small  motion  of  the  transmitter  diaphragm,  it  is  proper  to  assume  pro- 
portionality of  acoustic  pressure  and  voltage  generated  in  the  trans- 
mitter. It  is  clear  that  the  load  characteristic  of  the  receiver  can  be 
derived. 

It  was  found  that  a  correction  on  this  account  was  not  required  above 
200  cycles.  The  amplitude  of  the  receiver  diaphragm  is  greatest,  and  so 
overloading  most  easy,  at  the  low  frequencies.  In  the  curves  later 
shown  the  correction  at  200  has  been  applied. 

Parasite  current  paths,  the  existence  of  which  leads  to  incorrect 
estimates  of  receiver  voltage,  are  important  only  at  low  levels.  Let  the 
current  input  to  the  attenuator  be  the  maximum  permissible,  and  let  Ni 
be  the  dial  setting  necessary  to  reduce  the  sound  output  to  the  threshold. 
Now  let  the  input  current  be  reduced  in  the  ratio  i  :  e;  Nt  is  the  new 
threshold  setting.  When  the  parasite  paths  are  negligible,  Ni  —  Nt 
=  i.o.  The  threshold  for  any  individual  ear  varies  from  day  to  day, 
but  is  sensibly  constant  over  the  few  minutes  required  for  this  test. 

Such  an  examination  failed  (for  any  of  the  frequencies  here  considered) 
to  indicate  errors  exceeding  a  tenth  of  a  napier, — ^an  admissible  experi- 
mental error. 

Phonometric  Comparisons  with  Electromagnetic  Receiver. 

Following  these  studies  of  the  receiver,  phonometric  comparisons  were 
undertaken  by  four  observers.  These  comparisons  with  the  electro- 
magnetic receiver  extended  from  i  or  2  to  10  napiers  above  the  threshold, 
taking  700  cycles  as  the  reference  tone.  Each  of  the  other  tones  was 
compared  directiy  with  700,  avoiding  the  objectionable  features  of  in- 
direct comparisons. 

Before  presenting  the  results  obtained,  it  is  profitable  to  consider  what 
types  of  curves  are  to  be  expected  in  ideal  phonometric  comparisons 
covering  a  wide  range  of  loudness. 

Fig.  7,  /,  shows  hypothetical  Fechner  curves,  relating  stimulus  and 
** sensation,*'  for  the  frequencies /i  and  ft.  Such  curves  for  the  ear  have 
not  yet  been  determined  by  experiment,  but  in  drawing  the  hypothetical 
figures  analogy  between  eye  and  ear  has  been  presupposed. 

Fechner  curves  for  vision  are  constructed  by  integrating  curves  of 
sensibility  (reciprocal  of  least  perceptible  stimulus  increment)  vs.  log- 
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arithm  of  stimulus.  Each  curve  contains  (i)  a  curved  portion  at  low 
intensities,  concave  toward  the  axis  of  sensation;  (2)  a  straight  portion, 
throughout  which  the  least  perceptible  stimulus  injrement  is  constant; 
(3)  another  curved  portion  at  high  levels,  concave  toward  the  axis  of 
log  stimulus.  At  each  end  of  the  straight  portion  the  curve  bends  be- 
cause the  least  perceptible  stimulus  increment  is  no  longer  constant. 
Implicit  in  the  construction  of  these  curves  is  the  assumption  that  what- 
ever be  the  least  perceptible  change  in  the  stimulus  the  accompanying 
change  in  the  sensation  is  of  invariable  amount. 

The  sensation  scale  is  undetermined,  but  we  can  imagine  that  by  an 
ideal  loudness  balance,  say  at  the  level  **a,"  coincidence  of  the  scales  for 
/i  and/i  has  been  established. 
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Fig.  7. 

If  phonometric  comparisons  are  made  of  the  tones  represented  by 
these  curves,  we  shall  obtain  pairs  of  values  of  log  P\  and  log  P2, — each 
pair  will  correspond  to  a  definite  sensation  level,  say  "a*'  or  "ft.**  Fig. 
7,  //,  shows,  in  the  full  line,  the  ideal  phonometer  results.  In  the  figure 
to  the  left,  the  curves  for  /i  and  /s  start  from  diflferent  thresholds  and 
have  different  curvatures  in  the  upper  and  lower  portions.  Centrally, 
where  each  curve  is  straight,  phonometric  comparisons  will  give  a  straight 
line  for  log  P\  vs,  log  P2.  If  the  slopes  of  the  straight-line  portions  are 
the  same,  the  slope  of  the  phonometric  line  will  be  unity  within  these 
limits.  At  levels  of  loudness  above  "a''  or  below  "&'*  however,  the 
phonometric  line  will  be  curved  as  drawn.  Were  the  sensation-stimulus 
curves  at  all  ordinates  uniformly  spaced  in  abscissae,  the  phonometer 
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would  give  the  dotted  line  at  45®,  coincident  in  the  middle  of  the  range 
with  the  full  line. 

Individual  ears  may  be  expected  to  vary  in  several  riespects.  The 
threshold  values  of  stimulus  intensity  vary  with  frequency  for  a  given 
observer,  and  at  each  frequency  differ  with  different  ears.  The  values  of 
stimulus  intensity  at  which  the  Fechner  curves  become  straight  lines, 
and  the  stimulus  intervals  within  which  the  lines  remain  straight,  vary 
among  frequencies  for  each  observer  and  among  observers  for  each 
frequency.  Moreover,  the  characteristics  of  the  ear  change  from  day 
to  day. 

From  the  foregoing  discussion,  it  is  clear  that  we  may  expect  two  types 
of  phonometric  curves,  provided  the  analogy  holds  between  the  eye  and 
the  ear.  The  types  are  (i)  straight  lines  over  a  considerable  range; 
(2)  sharply  curved  lines  of  which  the  upper  and  lower  halves  are  of 
opposite  curvature.     Lines  of  intermediate  shapes  will  of  course  occur. 

The  observers  who  took  part  in  the  studies  with  the  electromagnetic 
receiver  are  too  few  in  number  to  make  us  sure  that  individual  pecularities 
will  be  masked  in  the  final  average.  Besides,  the  observing  program 
covered  six  or  eight  hours  for  each  ear  (as  against  two  or  three  hours  in 
the  thermophone  surveys)  and  in  three  cases  the  observer  was  prevented 
from  completing  the  program  the  same  day  he  began  it.  It  is  therefore 
desirable  to  discuss  the  comparisons  separately. 

On  examination,  it  was  found  that  the  observer  who  concluded  the 
program  in  a  single  day  obtained,  for  all  comparisons,  sensibly  straight 
lines  over  the  entire  range.  The  three  other  observers  obtained  straight 
lines  in  most  comparisons,  but  also  a  number  of  sharply  curved  lines  of 
the  second  type  anticipated  above. 

The  distribution  of  these  types  and  the  general  aspect  of  the  data  may 
be  seen  from  Table  IV.  in  which  are  tabulated  the  frequencies  (each  com- 
pared directly  with  700  cycles)  and  the  corresponding  numbers  of  lines 
of  each  type. 

Table  IV. 


/. 

I               Sensibly  Straight. 

Sharply  CisrTad. 

200. .. . 

300. .. . 

500. .. . 

1,000. . . . 

3 

•  1                 4 

..;                  2 

. .!                        2 
4 
3 

••1                          ' 

0 

1 
0 
2 

1,500 

2 

2,000 

0 

3,000. . . . 

1 

4,000 

1 

25 

7 
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The  preponderance  of  straight  lines  is  unmistakable.  In  Fig.  8,  at  the 
left,  the  sensibly  straight  lines  for  each  frequency  are  consolidated  into 
an  average  line;  at  the  right  are  drawn  the  individual  curves  which 
conspicuously  depart  from  straightness. 

Threshold  settings  were  made  for  each  frequency.  These  are  plotted 
in  Fig.  8  and  the  phonometer  curves  extended  to  them.  The  curves 
suggest  that  the  auditory  accommodation  taking  place  in  the  com- 
parisons is  the  same  as  at  the  threshold.^ 
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Fig.  8. 

A  short  study  was  made  by  one  observer,  making  on  different  days 
repeated  comparisons  of  the  same  two  tones.  As  might  be  expected,  it 
was  found  that  the  curve  obtained  varied  from  straight  on  one  day  to 
curved  on  the  next. 

Care  was  taken  by  two  observers  to  make  a  partial  check  of  the  validity 
of  the  phonometric  technique  by  comparing  two  sounds  of  the  same 
frequency  (700  cycles).  Whatever  the  calibration  of  the  apparatus, 
equality  of  loudness  in  this  case  should  mean  equality  of  currents  through 
the  two  contacts  of  the  commutating  relay.  The  greatest  deviation 
from  equality  was  10  per  cent.  This  occurred  at  the  highest  level;  at 
intermediate  and  low  levels  the  deviations  were  too  small  to  be  detected. 

»  The  threshold  sensitivity  derived  from  these  settings  differs  only  at  3,000  and  4,000 
cycles  from  that  given  by  Fletcher  and  Wegel  ("The  Frequency-Sensitivity  of  Normal  Ears.*' 
Proc.  Nat.  Acad.  Sci.,  8,  i,  pp.  5-^.  January,  1922).  The  discrepancy  is  no  greater  than  the 
uncertainty  of  the  receiver  calibration,  ascribed  to  resonance  in  the  ear  near  these  frequencies* 
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Relative  Ear  Sensitivity  at  Different  Levels  of  Loudness.  • 
Without  regard  to  shapes  of  individual  curves,  we  plot  the  average 
curve  of  each  comparison  and  scale  off  at  various  levels  of  the  700-cycle 
tone  the  values  of  log  P  for  the  other  frequencies.  Doing  this  at  three 
levels  (log,  P700  =  —  4.0,  0.0,  and  +  4.0)  we  plot  the  values  of  log«  P/ 
with  reversed  signs  and  so  draw  at  each  level  a  curve  of  relative  sensitivity 
of  the  ear.  These  are  exhibited  in  Fig.  9,  where,  as  in  Fig.  6,  the  abscissae 
are  frequencies  on  the  musical  scale ;  the  ordinates,  —  log*  P,  are  indicative 
of  the  relative  sensitivity. 

Obviously,  the  defects  of  the  receiver  calibration  affect  all  these  curves 
in  the  same  way.  The  straightness  of  most  of  the  curves  shown  in  Fig. 
8,  and  the  closeness  of  their  slopes  to  unity,  insure  the  parallelism  of  the 
curves  of  Fig.  9. 
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Fig.  9. 

The  calibration  of  the  receiver  and  the  computation  of  the  thermophone 
output  are  both  affected  by  unknown  systematic  errors.  Numerous 
attempts  were  made  to  devise  a  method  of  comparing  on  the  ear  the 
sound  output  of  the  thermophone  with  that  of  the  electromagnetic 
receiver.  None  of  these  attempts  succeeded.  Either  the  two  sound 
generators  must  be  interchanged  on  the  ear  or  another  receiver  must  be 
actuated  by  them  alternately  through  the  transmitter-amplifier  system. 
In  the  first  case  it  is  impossible  to  make  satisfactory  comparisons,  while 
in  the  second  case  the  coupling  to  the  transmitter  sustains  the  uncertainty 
which  the  comparison  is  intended  to  remove. 
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•  As  previously  explained,  the  slopes  of  the  lines  should  be  unaffected 
by  errors  in  the  adopted  sound  pressure-frequency  characteristic  of 
either  the  thermophone  or  the  electromagnetic  receiver.  From  this 
point  of  view  the  two  instruments  agree:  for  the  four  observers  using 
both,  slopes  by  the  thermophone  over  the  central  portion  of  the  loudness 
range  are  0.9  to  i.o;  by  the  electromagnetic  receiver,  0.9  at  200  vs.  700, 
i.o  elsewhere. 

Summary. 

1.  At  an  intermediate  level  of  loudness  determinations  with  the 
thermophone  have  been  made,  by  20  observers,  of  the  pressures  of  certain 
selected  frequencies  when  these  seem  to  the  ear  equally  loud.  The 
agreement  among  different  ears  is  so  close  that  improvement  in  the 
curve  of  relative  sensitivity  shown  in  Fig.  6  is  to  be  looked  for  rather 
from  verification  of  the  pressure  computations  than  from  extending  the 
survey  to  include  a  larger  number  of  observers. 

2.  A  limited  number  of  observers  have  made  observations  over  a  range 
of  loudness  from  i  to  10  napiers  above  the  threshold,  using  an  electro- 
magnetic receiver  in  place  of  the  thermophone  as  source  of  sound.  Their 
results  are  in  general  agreement  with  those  obtained  in  the  thermophone 
work,  and  strongly  suggest  that  the  relative  ear  sensitivity  is  invariable 
over  this  range. 

3.  The  phonometric  comparisons  have  been  shown  to  be  in  harmony 
with  Fechner's  law,  the  application  of  this  law  to  the  ear  being  presumed 
valid. 

4.  The  optical  phenomenon  known  as  the  Purkinje  effect  has  no 
analogue  within  the  range  of  the  phonometric  comparisons.  It  is  of  great 
interest  to  continue  this  work  at  low  intensities.  In  the  present  study, 
room  noises  made  it  impossible  to  work  at  levels  near  the  threshold, 
where  the  Purkinje  effect  is  perhaps  to  be  found. 

In  conclusion,  the  results  believed  to  have  been  accomplished  may  be 
thus  stated : 

I .  A  phonometer  has  been  devised  which  permits  accurate  comparisons 
of  the  loudness  of  pure  tones  of  different  pitch. 

II.  With  this  instrument,  evidence  has  been  found  that  the  relative 

sensitivity  of  the  ear  is  independent  of  the  loudness  level  over  a  wide 

range. 

Research  Laboratories  of  the  American  Telephone  and  Telegraph  Company, 
AND  THE  Western  Electric  Company,  Incorporated, 
April  8,  1922. 
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THE  OPTICAL  PROPERTIES  OF  MOLTEN   METALS. 

By  a.  K.  Aster. 
Synopsis. 

Optical  Properties  of  Molten  Bi,  Pb,  Sn,  and  Wood's  Alloy  to  500"*  and  of  Hg  to 
345^  C. — While  there  is  considerable  evidence  that  the  optical  properties  of  metals- 
in  the  solid  state  do  not  vary  with  temperature,  the  question  has  not  yet  been 
investigated  for  molten  metals.  A  vacuum  tight  furnace  enabled  a  nitrogen  at- 
mosphere to  be  used  so  that  surfaces  free  from  oxidation  could  be  studied.  The 
optical  properties  were  determined  by  letting  plane  polarized  light  of  wave-length 
about  6020  A.U.  fall  at  an  angle  of  45°  upon  the  metal  surface,  and  analyzing  the 
reflected  light  with  the  help  of  a  Jellet  split  nichol  having  a  Brace  elliptic  half-shade 
mounted  just  before  it.  The  method  of  calibration  and  use  of  the  api)aratus  is 
described.  The  optical  properties  were  found  to  be  independent  of  the  temperature 
for  all  the  metals  tried.  The  mean  values,  correct  to  better  than  one  per  cent., 
are  as  follows:  for  Hi,  9  «■  0.493,  k  «■  1.3a;  for  Hg,  p  «  0.442,  *  «■  1.43;  for  Pb. 
V  =  0.415.-  k  «  1.76;  for  Sn,  p  «  0.398,  k  «  1.46;  for  Wood's  alloy,  p  «  0.397. 
k  «  1.78.  From  a  discussion  it  appears  that  the  constancy  of  the  optical  properties 
is  not  consistent  with  Drude's  equations. 

Introduction  and  Previous  Work. 

THE  optical  properties  of  metals  as  a  function  of  the  temperature 
have  been  investigated  to  a  certain  extent  for  metals  in  the  solid 
state.  Kundt  ^  investigated  silver,  antimony,  copper,  platinum,  iron  and 
nickel  between  20  and  100  degreed  C,  using  a  direct  method,  employing 
thin  metallic  prisms.  He  found  a  slight  variation  of  the  index  of  refrac- 
tion with  the  temperature.  Drude^  investigated  gold  and  platinum  up  to 
200  degrees  C,  and  found  only  a  very  slight  change  in  the  index  of  refrac- 
tion, but  did  not  consider  the  work  conclusive.  Sissingh  '  investigated 
iron  but  did  not  find  any  change  with  the  temperature.  Zeeman*  in- 
vestigated platinum  up  to  800  degrees  C,  but  did  not  find  any  change 
in  the  coefficient  of  reflection.  Pfleuger*  investigated  nickel,  gold  and 
iron  between  20  and  100  degrees  C,  by  the  same  method  as  Kundt, 
direct  observations  on  thin  metallic  prisms,  and  did  not  find  any  change 
with  the  temperature.  Very  little  work  has  been  done  on  metals  in 
the  molten  state.  C.  V.  Kent*  investigated  bismuth,  cadmium,  tin, 
and  lead  and  their  binary  alloys.  He  did  not  definitely  determine  whether 
the  optical  properties  were  constant  with  the  temperature  or  not  and 

»  Kundt,  Wied.  Ann..  36,  834,  1889. 

*  Drude.  Wied.  Ann..  39,  538.  1890. 

*  Sissingh.  Arch.  Nierlandaisses,  tome  XX. 

*  Zeeman.  Comm.  of  the  Phys.  Lab.  Leyden,  20,  1895. 

*  Pfleuger,  Wied.  Ann.,  58.  493,  1896. 

*  Kent.  Phys.  Rev..  XIV..  6,  495. 
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States  in  his  paper  that  some  work  should  be  done  to  determine  this 
point.  His  calculations  are  on  the  basis  that  the  optical  properties  are 
constant. 

It  was  the  object  of  this  investigation  to  determine  whether  or  not  the 
optical  properties  of  molten  metals  are  functions  of  the  temperature. 

Description  and  Use  of  Apparatus. 

Various  methods  have  been  used  for  determining  the  constants  of 
elliptically  polarized  light.  The  Babinet-compensator  and  the  Babinet- 
Soleil  modification  of  it  have  been  used  for  large  ellipticities  while  a 
more  recent  development,  the  Brace  elliptic  half-shade,  has  been  used 
for  small  ellipticities.  The  apparatus  used  in  this  work  is  of  the  latter 
type.  The  arrangement  used  was  similar  to  that  used  by  A.  Q.  Tool  ^ 
in  his  work  on  the  optical  properties  of  metals.  The  entire  polarizing 
and  analyzing  systems  were  mounted  in  the  arms  of  a  vertical  spectrom- 
eter especially  constructed  for  the  purpose.  The  polarizing  system 
consisted  of  the  usual  collimator  with  a  nicol  prism  mounted  directly 
after  the  collimator  lens.  The  analyzing  system  consisted  of  a  com- 
pensator (mica  between  optical  flats)  mounted  on  a  circle  movable 
with  respect  to  a  fixed  vernier  and  the  analyzing  nicol,  a  Jellet  split 
nicol  with  an  elliptic  half-shade  mounted  just  before  it,  was  mounted  on 
a  second  circle  movable  with  respect  to  a  vernier  which  was  fixed  with 
respect  to  the  first  circle.  The  half-*ade  was  set  with  its  dividing  line 
at  right  angles  to  that  of  the  split  nicol.  The  entire  analyzing  system 
was  mounted  in  the  telescope  arm  of  the  spectrometer  which  was  fitted 
with  a  short  focus  ocular.  The  spectrometer  was  fitted  with  a  special 
device  connecting  the  telescope  and  collimator  arms  so  that  when  the 
collimator  was  set  for  a  given  angle  of  incidence  the  telescope  was  auto- 
matically set  in  the  proper  position  for  the  reflected  beam. 

The  source  of  light  was  a  spectroscope  fitted  with  a  constant  deviation 
prism  and  illuminated  with  an  arc  lamp  using  specially  treated  com- 
mercial carbons  giving  a  strong  band  at  approximately  6020  A.U. 

The  theory  of  this  analyzing  system  has  been  given  by  Tuckerman* 
in  an  article  on  elliptic  analyzing  systems.  The  procedure  is  to  obtain 
a  match  of  all  four  parts  of  the  field  and  then  make  the  complementary 
setting.  Let  R  and  r  be  the  positions  of  the  compensator  and  the  nicol 
respectively  for  a  match,  and  R'  and  r'  for  the  complementary  match  and 

R'  -  R-=  c, 
r*  —  r  =  n; 

»  Tool,  Phys.  Rev..  XXXI.,  i.  i. 

«  Tuckerman.  Univ.  of  Neb.  Studies,  IX.,  2,  157. 
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then  if  plane  polarized  light  is  let  fall  on  the  analyzing  system,  Tuckerman 
finds  that 

_.,       tan  c  ,  . 

cos  2niVi  = ,  (i) 

tan  n 


^/  sin  c 


tan  2fi 

sin  c 


where  2iy  is  the  effective  order  of  the  half-shade  and  2UN1  is  the  order  of 
the  compensator.     If  the  initial  light  is  not  plane  polarized,  he  finds  that 

tan  2TIN1  =  \/^r^4 — ; — i  (^  —  a  tan  2iy  +  i/2a*  tan*  2iy  —  •  •  •).  (3) 
^sin  {c  +  w) 

,  /sin  {c  —  »)  sin  (c  +  n)  ,  /     •  ^     •  x     /  n 

tan  2^  =  \/ ^^ i^^ ^^ — ' — -  (i  -  1/20*  tan*  2iy  -  •  •  •)     (4) 

^  sm  n 

where 

a  =  -^^"^ (5) 

Vsin  (c  —  »)  sin  (c  +  ») 

and  if  27  =  (i?'  —  i?)  —  (2?o'  —  J2o)  —  2*  and  *  is  45**  as  is  customarily 
used,  then 

sin  ^  tan  ^  cos  2}p  cos  2i^  ,,v 

v#  = 7-^ ,  (6) 

I  —  cos  2\p  sin  27 

cos*  7 
where  2?©'  and  2?©  are  the  settings  on  plane  polarized  light, 

V0  =  index  of  refraction, 
K0  =  coefficient  of  absorption, 
d  =  angle  of  incidence. 

By  letting  plane  polarized  light  fall  on  the  analyzing  system,  taking 
the  necessary  readings  and  applying  equations  i  and  2,  it  is  possible 
simultaneously  to  calibrate  the  compensator  and  the  half-shade.  By 
analyzing  plane  polarized  light  (for  ^  =  45**)  when  it  is  reflected  from  the 
metal  surface  and  applying  equations  4,  5,  6  and  7  the  optical  properties 
for  that  angle  of  incidence  and  wave  length  of  light  used,  can  be  obtained. 

Experimental  Work. 
The  nicol  prism  of  the  polarizer  was  first  adjusted  for  an  azimuth  of 
45**  by  means  of  an  auxiliary  nicol.     The  compensator  and  elliptic  half- 
shade  were  next  simultaneously  calibrated.     This  was  done  by  setting 
the  analyzer  in  direct  line  with  the  polarizer  and  making  the  two  settings 
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for  a  match.    Substitution  of  the  data  thus  obtained  in  equations  i  and 
2  gives  the  following  results: 

cos  2UN1  =  o,  2TLN1  =  90®, 

tan  2fi  =  0.366,  2fi  =  20.I^ 

A  special  vacuum-tight  furnace  was  designed  because  in  order  to 
prevent  oxides  from  forming  on  the  surface  of  the  molten  metal  it  was 
necessary  to  have  the  furnace  filled  with  nitrogen.  A  reducing  atmos- 
phere would  probably  have  been  better,  but  the  risk  of  an  explosion 
with  the  use  of  hydrogen  was  considered  too  great  to  warrant  using  it,  so 
an  inert  gas  was  resorted  to.  Ordinary  commercial  nitrogen  was  found 
satisfactory.  The  commercial  product  contains  about  5  per  cent,  of 
oxygen  according  to  the  manufacturer.  In  order  to  keep  the  amount 
of  oxygen  a  minimum,  the  nitrogen  was  kept  in  the  furnace  at  a  pressure 
just  high  enough  to  prevent  boiling  of  the  metal.  This  pressure  was 
from  20  to  30  cms.  of  mercury.  The  remaining  oxygen  was  easily  re- 
moved by  skimming  the  metal  a  few  times  after  it  was  molten,  thus 
converting  the  oxygen  to  metallic  oxide.  After  a  few  skimmings,  it  was 
possible  to  keep  the  surface  clean  for  a  considerable  time.  It  should  be 
stated  at  this  point  that  the  furnace  was  first  exhausted  before  filling 
with  nitrogen.  It  was  also  washed  several  times  before  the  final  filling 
with  nitrogen,  this  being  done  to  reduce  the  amount  of  oxygen  to  a 
minimum.  This  entire  operation  was  completed  before  the  furnace  was 
heated  to  a  point  where  the  metal  melted.  It  was  necessary  to  have 
the  furnace  at  least  25  degrees  above  the  room  temperature  while  ex- 
hausting it,  in  order  to  drive  out  most  of  the  residual  gas  in  the  magnesia 
packing,  etc. 

The  windows  of  the  furnace  were  constructed  of  optical  glass  which 
was  tested  so  as  to  be  sure  that  it  was  free  from  optical  strain.  It  was 
necessary  to  limit  the  observations  to  one  angle  of  incidence  (45®)  in 
order  that  the  entering  and  emerging  light  should  always  be  normal  to 
the  plane  of  the  windows  to  prevent  introduction  of  errors.  To  be  able 
to  vary  the  angle  of  incidence  it  would  have  been  necessary  to  reconstruct 
the  major  portion  of  the  furnace  housing  for  each  angle.  The  furnace 
was  mounted  on  a  special  anti- vibration  mounting  in  order  to  prevent  the 
vibration  of  the  building  from  disturbing  the  surface  of  the  molten 
metal  while  observations  were  being  taken.  This  special  mounting 
consisted  of  a  box  containing  sand,  on  top  of  which  were  placed  several 
marble  plates  separated  by  rubber  stoppers.  The  furnace  was  set  on 
top  of  the  marble  plates.  The  temperature  of  the  metal  was  measured 
by  means  of  a  chromel-alumel  thermocouple.     The  cold  juncture  was 
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kept  in  a  Dewar  flask  filled  with  distilled  water,  the  temperature  of  which 
was  measured  with  a  good  mercurial  thermometer.  A  Leeds-Northup 
potentiometer  type  pyrometer  indicator  reading  directly  in  millivolts 
was  used  as  the  indicator.  The  calibration  of  the  couple  was  taken  from 
data  available  in  the  laboratory.  See  Fig.  i  for  a  cross-section  of  the 
furnace. 

A  number  of  metals  were  investigated,  the  results  of  which  are  listed 
below.  It  was  found  impossible  to  continue  the  investigation  above 
about  500  degrees  C,  as  at  this  point  the 
metal  begins  to  glow  a  dull  cherry  red  and 
this  light  masks  the  light  from  the  collimator 
so  that  on  further  settings  could  be  made. 
It  was  impossible  to  use  filters  as  the  two 
colors  were  nearly  alike  and  any  filter  which 
would  exclude  the  one  beam  would  so  reduce 
the  other  that  it  would  be  impossible  to  make 
accurate  settings  and  in  this  sort  of  work  it 
is  necessary  to  have  the  maximum  possible 
intensity  so  as  to  insure  sufficient  sensitivity 
of  the  apparatus.  The  sensitivity  of  the 
system  drops  off  very  rapidly  with  dimin- 
ishing intensity.  It  was  found  impossible  to 
make  any  determinations  just  at  the  melting 
point  because  at  this  point  the  metal  surface 
is  still  rough.  It  was  found  necessary  to 
raise  the  temperature  at  least  about  ten 
degrees  above  the  melting  point  of  the  metal  to  get  the  metal  liquid 
so  as  to  get  a  smooth  surface.  How  far  one  has  to  go  above  the 
melting  point  depends  on  the  metal.  It  was  found  impossible  to  take 
any  data  above  345  degrees  C.  for  mercury,  because  above  this  point 
the  mercury  vapor  condensed  on  the  windows  of  the  furnace  making  it 
impossible  to  see  through  them.  Two  attempts  were  made  to  get  data 
for  cadmium  but  both  were  failures.  In  the  first  attempt,  the  cadmium 
combined  with  the  graphite  crucible,  and  it  was  impossible  to  get  a  clean 
surface.  In  the  second  trial  an  alundum  crucible  was  substituted  for 
the  graphite  one,  but  it  was  still  found  impossible  to  get  a  clean  surface. 
(Ordinary  chemically  pure  metals  were  used  for  all  tests.) 


Fig.  1. 

I,  Glass  window.  2, 
rer.  3,  Thermocouple.  4. 
cible  and  metal.  5,  Heater 
conductor.  6,  Magnesia  pack- 
ing.    7,  Iron  heater  core. 
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Results. 

Lead, 


Temp. 

^. 

K4. 

335*»C 

345 

365 

385 

405 

427.... 

440 

47^ 

485 

0.414 
0.413 
0.415 
0.417 
0.414 
0.416 
0.414 
0.415 
0.416 

1.76 
1.74 
1.75 
1.78 
1.77 
1.74 
1.78 
1.77 
1.76 

Mean 

0.415  ±0.0006 

1.76±0.005 

rill. 


Temp. 

250**  C. 
315.... 
335... 

345 

357... 
375.... 
395... 
425... 
450. . .  . 
480. ..  . 

Mean.  . 


'# 

^9- 

0.396 

1.46 

0.398 

1.44 

0.397 

1.48 

0.399 

1.45 

0.400 

1.46 

0.397 

1.47 

0.398 

1.44 

0.396 

1.46 

0.400 

1.48 

0.398 

1.44 

0.398  ±0.0005 


1.46  ±0.0045 


Bismuth . 


Temp. 

"•• 

f^9' 

275«C 

0.493 

1.31 

285 

0.492 

1.32 

295 

0.494 

1.31 

317 

0.491 

1.30 

345 

0.495 

1.34 

375 

0.491 

1.33 

395 

0.493 

1.32 

405 

0.492 

1.34 

425 

0.494 

1.31 

450 

0.491 

1.33 

465 

0.493 

1.32 

485 

0.495 

1.32 

Mean 

0.493  ±0.0005 

1.32  ±0.006 
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Mercury. 


Temp. 

'•• 

Ke. 

22*C 

65 

125 

175 

212 

265 

285 

300 

325 

345 

0.441 
0.442 
0.444 
0.440 
0.441 
0.443 
0.443 
0.440 
0.444 
0.444 

1.42 
1.43 
1.45 
1.41 
1.41 
1.43 
1.42 
1.45 
1.41 
1.43 

Mean 

0.442^0.0004 

1.43  ±0.0045 

Wood's  Alloy. 


Temp. 

"9- 

«#. 

lOO^C 

0.397 

1.80 

125 

0.400 

1.78 

150 

0.395 

1.76 

175 

0.396 

1.77 

200 

0.398 

1.76 

220 

0.399 

1.80 

242 

0.395 

1.78 

265 

0.397 

1.79 

285 

0.396 

1.79 

305 

0.398 

1.78 

325 

0.395 

1.76 

345 

0.399 

1.76 

365 

0.400 

1.80 

385 

0.397 

1.76 

407 

0.397 

1.78 

425 

0.398 

1.77 

450 

0.395 

1.77 

465 

0.398 

1.78 

480 

0.397 

1.76 

Mean 

0.397  ±0.00045 

1.78±0.0047 

Discussion  of  Results. 

From  the  results,  it  is  obvious  that  within  the  limits  of  the  investiga- 
tion and  the  sensitivity  of  the  apparatus  used,  the  optical  properties  of 
the  metals  investigated  are  constant. 

Since  the  optical  properties  of  Sn,  Pb,  and  Bi  are  constant  and  the 
factors  for  Wood's  Alloy  are  constant,  and  Wood's  Alloy  is  made  of 
Sn,  Pb,  Bi,  and  Cd,  it  seems  reasonable  to  conclude  that  the  optical 
properties  of  cadmium  are  constant. 
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With  the  view  of  possibly  making  a  comparison  between  the  factors 
of  the  molten  and  the  solid  state  some  observations  were  made  on  a 
highly  oxidizable  metal  (copper).  It  was  found  that  the  age  of  the 
surface  after  polishing  as  well  as  the  kind  of  abrasive  used  in  making  the 
mirror  greatly  affected  the  results  so  that  no  consistent  data  could  be 
obtained.  From  this  it  was  concluded  that  it  would  be  necessary  to 
prepare  the  mirror  in  a  reducing  atmosphere  and  without  the  use  of  an 
abrasive  if  accurate  results  are  to  be  obtained.  To  prepare  a  surface 
under  these  conditions  seems  practically  impossible.  This  condition 
prevented  any  comparison  of  the  data  for  the  two  states.  This  difficulty 
applies  only  to  soft,  low  melting  point,  highly  oxidizable  metals  and  the 
other  metals  could  not  be  investigated  because  their  melting  points  are 
above  500  degrees  C.  This  point  is  the  upper  limit  of  the  work  as  was 
previously  stated. 

Probable  Error. 

The  least  squares  solutions  of  the  experimental  results  show  that  the 
probable  error  of  these  quantities  is  under  one  half  of  one  per  cent. 
The  probable  error  of  the  adjustment  of  the  polarizing  and  analyzing 
prisms  with  respect  to  their  circles  was  well  under  one-half  of  one  per  cent. 
It  seems  therefore  probable  that  the  final  values  of  these  constants  are 
not  in  error  by  more  than  one  per  cent. 

Theoretical. 
Drude's  equations^  for  the  optical  constants  of  metals  are: 

1^(1  -  ic^)  =  I  +  2: J-—  -  4^  L j^r^  .^. 


2l^/C    =   4TT  21 


Nr 


r'  + 


(t)' 


(9) 


where  th  =  natural  period  of  the  electrons  of  class  A. 
r  =  natural  period  of  the  incident  light. 
N  =  number  of  electrons  per  cubic  centimeter. 
m'  :  me  w  =  inert  mass  of  the  electron. 

e  =  charge  on  an  electron. 
_  N  (T  =  electrical  conductivity. 

a 
^'  =  proportional  to  the  displacement  of  the  electrons  from  their 
positions  due  to  the  influence  of  a  constant  force.     For 
conducting  electrons  ^'  is  00 . 
*  Drude,  Theory  of  Optics,  translation  by  Mann,  p.  398. 
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The  experimental  work  shows  that  ve  and  K0  are  constant.      Indicating 
all  the  constant  terms  in  equations  (8)  and  (9)  as  such,  they  become: 


c=i  +  Z 


<!>' 


-(?) 


r-^2:^ 


^  +  7^"^ 


h^jY. 


(10) 


(II) 


where  C,  E,  F,  G,  H,  J  and  P  are  constants.     If  equation  (i  i)  is  true  then : 

(12) 


i  +  ^ 

a^  N^ 


1+^ 


Since  <r  and  N  vary  with  the  temperature,  this  identity  must  hold  for 
all  corresponding  pairs  of  values  of  <r  and  N.  To  test  this  identity,  data 
for  mercury  will  be  substituted. 


For 


o^  C.         i/<r  =  94  X  io-«, 
350^  C.         l/<r  =  135.5  X  10-^, 


N  varies  inversely  as  the  expansion  of  the  metal. 


For 


350^  C. 

o^C. 


Let  N  =  I. 
N  =  1.064. 


Substituting  in  equation  (12),  neglecting  the  first  term  on  each  side  of 
the  equation  (this  is  possible  because  of  their  size  in  comparison  with 
the  following  terms)  and  inverting,  the  result  is: 

106  =  135, 

which  is  obviously  not  true,  the  difference  being  about  21.5  per  cent. 

Since  this  difference  is  far  greater  than  the  experimental  error  of  the 

work,  the  validity  of  equation  11  seems  doubtful.     As  to  equation  10 

very  little  can  be  said  as  no  data  is  available  as  to  the  variation  of  ^' 

and  Tk  with  the  temperature. 

In  conclusion,  I  wish  to  thank  Professors  Hall  and  Minor  and  all  others 

whose  kind  assistance  made  this  work  possible. 

Physical  Laboratory, 

University  of  California, 
April.  1922. 
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BOMBARDMENT  OF  METAL  SURFACES  BY 
SLOW-MOVING  ELECTRONS. 

•  By  H.  E.  Farnsworth. 
Synopsis. 

Secondary  Electrons  Produced  by  Electronic  Bombardment  of  Nickel, — The  main 
features  of  the  apparatus  used  are:  an  equi-potential  nitrate-coated  Pt  cathode 
heated  by  radiation  from  a  tungsten  spiral  filament;  a  series  of  insulated  diaphragms 
to  limit  the  beam  of  primary  rays  and  for  use  in  determining  their  velocity;  and  a 
long  Faraday  cylinder  in  front  of  which  the  nickel  target  could  be  alternately  inter- 
posed and  withdrawn.  By  baking  out  the  tube  and  using  liquid  air  traps  an  ex- 
tremely low  vacuum  corresponding  to  less  than  io~'  mm.  was  attained.  The 
secondary  current  was  determined  from  the  difference  between  the  current  to  the 
Faraday  cylinder  and  that  to  the  interposed  target,  (i)  Ratio  of  the  secondary 
(emergent)  to  the  primary  (incident)  electron  current  was  found  to  be  independent  of 
the  roughness  of  the  surface,  but  to  vary  with  the  treatment.  After  heating  the 
target  red-hot  by  high  frequency  induction  for  some  minutes,  a  limiting  curve  was 
reached  which  probably  represents  the  characteristics  of  nickel  itself,  free  from 
surface  contamination.  In  this  case  the  secondary  electrons  begin  when  the  primary 
velocity  is  as  low  as  0.2  volt;  the  ratio  to  primary  current  then  increases  rapidly 
with  primary  velocity  to  about  4  volts,  remains  constant  to  about  9  volts,  then 
again  increases  reaching  a  value  of  unity  for  a  primary  velocity  corresponding  to 
about  260  volts.  The  effect  of  exposure  to  air  or  hydrogen  is  to  increase  very  con- 
siderably the  secondary  current  and  to  round  out  the  flat  part  of  the  curve  between 
4  and  9  volts.  (2)  Velocity  distribution  curves  of  the  secondary  electrons  indicate  that 
for  primary  electrons  of  less  than  9  volts  velocity,  most  of  the  secondary  electrons 
have  velocities  nearly  equal  to  the  primary  velocity,  while  for  primary  velocities 
above  9  volts,  the  percentage  of  secondary  electrons  having  small  velocities  in- 
creases with  the  primary  velocity,  although  a  small  proportion  have  velocities 
nearly  equal  to  the  primary  velocity  up  to  at  least  no  volts. 

Reflection  and  Emission  of  Electrons  from  a  Nickel  Surface  Bombarded  with  Electrons 
of  Velocity  o  to  260  Volts. — It  is  suggested  by  the  above  results,  that  reflection 
occurs  for  all  the  primary  velocities  investigated,  and  that  emission  or  ionization  begins 
at  about  9  volts  and  increases  with  the  primjuy  velocity. 

Contact  difference  of  potential  between  a  gas-free  nickel  surface  and  an  ordinary 
baked  nickel  surface  was  found  to  be  0.8  volt. 

Method  of  making  a  gas-tight  glass  joint  for  high  vacuum  work  by  soldering  with 
Wood's  metal,  the  platinized  and  copper-coated  surfaces  of  a  ground  joint,  is  de- 
scribed. 

Introduction. 
OTUDIES  of  the  secondary  electrons  produced  by  electronic  bombard- 
*^  ment  of  metal  surfaces  have  previously  been  made  by  various 
experimenters.  However,  the  fact  that  most  of  the  results  were  obtained 
previous  to  the  development  of  modern  high-vacuum  technique  com- 
bined with  the  failure  of  the  small  amount  of  recent  work  to  agree  with 
these  older  results,  leaves  the  important  questions  of  this  problem  still 
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unanswered.  It  is  well  known  that  the  number  of  secondary  electrons 
depends  upon  the  velocity  of  the  incident  or  primary  beam,  that  more 
electrons  leave  the  surface  than  strike  it  if  the  primary  velocity  is  great 
enough,  but  the  following  characteristics  of  various  metals  are  still  not 
definitely  determined:  (i)  the  magnitude  of  the  secondary  electron 
current  as  a  function  of  the  primary  velocity;  (2)  the  velocity  distribu- 
tion of  the  secondary  electrons  for  any  given  primary  velocity. 

Some  of  the  earlier  experiments  carried  out  by  Gehrts,^  von  Baeyer,* 
and  Campbell  *  indicate  that  the  above  characteristics  are  the  same  for 
all  metals  tried,  platinum,  copper,  nickel,  aluminum,  lead  and  cobalt. 
Secondary  electrons  were  found  when  using  a  primary  velocity  as  low  as 
one  volt.  The  number  of  secondary  electrons  increased  with  increase  of 
the  primary  velocity  up  to  about  5  volts.  With  further  increase  of 
primary  velocity  to  about  11  volts,  the  secondary  current  decreased. 
Beyond  1 1  volts  it  increased  rapidly  to  a  maximum  at  about  200  volts 
and  then  decreased  gradually  and  continuously.  Above  about  30  volts 
primary  velocity  more  electrons  were  found  to  leave  the  surface  than 
strike  it.  Most  of  the  secondary  electrons  apparently  had  velocities  less 
than  10  volts  while  none  were  found  with  velocities  greater  than  30  volts 
even  when  the  primary  velocity  considerably  exceeded  30  volts. 

A.  W.  Hull,^  working  more  recently  with  copper,  obtained  a  slight 
minimum  in  his  secondary  electron  curve,  but  it  comes  at  5  volts  instead 
of  at  II  volts,  with  a  slight  maximum  at  2.6  volts.  He  found  the  ratio 
of  the  secondary  electron  current  to  the  primary,  for  any  given  primary 
velocity,  to  be  much  smaller  than  that  of  the  previous  experimenters, 
being  only  about  40  per  cent,  at  50  volts  primary  velocity.  I.  G.  Barber,* 
also  working  recently  with  copper,  concluded  that  there  were  no  secondary 
electrons  when  the  primary  velocity  was  less  than  about  10  volts.  F. 
Horton  and  Miss  A.  C.  Davies*  found  secondary  electrons  from  platinum 
when  the  primary  velocity  was  as  low  as  3  volts.  They  found  no  second- 
ary electrons  with  velocities  greater  than  10  volts  when  using  a  primary 
velocity  of  70  volts.  They  did  not  heat  the  platinum  above  300**  C. 
Davisson  and  Kunsman,^  working  with  nickel,  found  some  secondary 
electrons  with  velocities  nearly  equal  to  that  of  the  primary  beam.     They 

>  G«hrt8.  Ann.  d.  Phys..  36,  p.  995.  19". 

*0.  von  Baejner,  Phys.  Zeitschr.*  /o,  p.  176,  1909;  Deutsch.  Ph)^.  Gesell..  Verh.,  /o,  24, 
p.  953.  1908;  Ber.  d.  D.  Phys.  Ges.,  jo,  p.  96  and  p.  953,  1910. 

»  N.  R.  Campbell,  Phil.  Mag.,  22,  p.  276,  191 1;  24,  p.  527,  1912;  25,  p.  803,  1913;  28»  p.  286. 
1914;  2Q,  p.  369.  1915. 

•  A.  W.  Hull.  Phys.  Rev.,  7.  p.  i.  1916. 

•  I.  G.  Barber,  Phys.  Rev.,  17.  p.  322,  1921. 

•  F.  Horton  and  Miss  A.  C.  Da  vies.  Royal  Soc.  Proc.,  Q7A,  p.  23.  1920. 
^  Davisson  and  Kunsman.  Science,  34*  p.  522,  192 1. 
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did  not  investigate  the  number  of  secondary  electrons  as  a  function  of 
the  primary  velocity. 

The  object  of  the  present  investigation  is  to  obtain  the  characteristics 
of  various  metals  which  have  been  freed  from  gas  under  the  best  vacuum 
conditions  available,  and  to  see  how  these  characteristics  vary  with  the 
metal  and  the  roughness  of  the  surface.  Up  to  the  present  only  nickel 
has  been  studied  in  detail. 

Apparatus. 

An  apparatus  suitable  for  the  carrying  out  of  this  investigation  must 
be  so  constructed  that  the  following  conditions  may  be  realized:  (i)  a 
primary  electron  stream  of  uniform  velocity  and  cross-section;  (2)  an 
accurate  means  of  measuring  the  total  primary  current;  (3)  an  accurate 
means  of  measuring  the  secondary  electron  current;  (4)  means  of  measur- 
ing velocities  of  both  primary  and  secondary  electrons. 
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Fig.  1. 

The  final  form  of  apparatus  used  is  shown  in  cross-section  in  Fig.  i. 
Condition  (i)  is  satisfied  by  accelerating  the  primary  electrons  to  the 
diaphragm,  A,  from  an  equipotential  source,  5.  Some  of  these  electrons 
shoot  through  the  hole  in  A,  through  B  and  C  into  £.  The  primary 
beam  is  thus  limited  in  cross-section  by  the  various  sharp-edged  dia- 
phragms along  the  path.  F  is  a  focusing  plate  concentric  with  S,  The 
electron  stream  is  kept  from  scattering  by  means  of  a  magnetic  field  in 
the  direction  of  the  stream.  Condition  (2)  is  realized  by  the  use  of  the 
long  cylinder,  £,  which  is  practically  a  perfect  absorber  for  the  electrons 
that  once  get  into  it.  (3)  By  means  of  a  magnetic  control  ^  a  nickel 
target  can  be  moved  over  the  hole  in  the  end  of  E,  into  the  path  of  the 
electron  stream.  The  secondary  electrons  which  leave  the  target  are 
received  by  the  cylinder  C.  The  insulated  diaphragm  D  makes  it  possible 
to  determine  whether  the  presence  of  the  target  causes  any  scattering 
of  the  primary  beam.  (4)  The  velocity  distribution  of  the  primary 
electrons  can  be  obtained  by  putting  a  variable  retarding  potential  on 
D  and  E  and  measuring  the  total  current  as  a  function  of  the  potential  in 
the  usual  way.     Similarly,  the  velocity  distribution  of  the  secondary 

» The  magnetic  control  was  placed  to  the  left  of  the  cylinder.  E,  as  far  away  from  the 
source  as  possible,  to  avoid  changing  the  state  of  magnetization  of  that  part  of  the  apparatus 
which  limits  the  electron  stream. 


Digitized  by 


Google 


nS!"4^']         bombardment  by  slow-moving  electrons,  361 

electrons  may  be  obtained  by  varying  the  potential  of  C  and  D.  The 
apparatus  was  constructed  entirely  of  nickel,  glass  and  quartz  except 
for  the  nitrate-coated  platinum  source  of  electrons.  A  quartz  tube, 
supports  the  platinum  source  which  is  coated  with  barium,  strontium, 
and  calcium  nitrates  to  increase  the  emission  of  electrons.  The  heat  for 
the  source  is  furnished  by  an  electric  current  which  passes  through  a 
plane  tungsten  spiral,  placed  inside  the  quartz  tube  and  very  close 
to  but  not  in  contact  with  the  platinum  foil.  With  this  arrangement 
the  source  is  always  an  equipotential  one  which  permits  an  accurate 
measurement  of  its  potential.  A  larger  primary  current  was  obtained 
when  fine  nickel  gauze  was  placed  over  the  openings  in  A  and  B,  as 
indicated  in  Fig.  i  by  the  dotted  lines.  This  is  probably  because  there 
is  less  distortion  of  the  field  at  the  openings  when  the  gauze  is  used.  The 
cylinders  5,  C,  and  E  were  lined  with  fine  nickel  gauze  so  as  to  decrease 
any  possible  multiple  reflection  of  electrons.  The  whole  apparatus  was 
cleaned  with  distilled  ether  after  assembling  to  remove  any  grease  that 
might  be  present.  The  apparatus  was  enclosed  in  a  glass  tube  which, 
after  being  evacuated,  was  heated  by  an  electric  furnace  to  400®  C.  for 
several  hours  with  the  pumps  working  continuously.  Liquid  air  was 
kept  on  the  condensing  trap  continually  during  the  time  that  the  tube 
was  connected  to  the  vacuum  line,  so  that  oil  and  mercury  vapors  were 
never  allowed  to  enter  the  tube.  The  pumps  were  kept  going  during 
the  observations  so  that  the  results  were  obtained  under  extremely  good 
vacuum  conditions.  A  pressure  of  lO"^  mm.  Hg  could  be  observed  on 
the  McLeod  gauge  used  and  while  the  observations  were  taken  the 
mercury  stuck  to  the  top  of  the  gauge,  a  negative  pressure  of  2  cm.  of 
Hg  being  necessary  to  release  it,  so  that  the  gas  pressure  in  the  tube  must 
have  been  much  less  than  lO"^  mm.  Hg.  Observations  as  well  as  calcula- 
tion show  that  ionization  of  the  residual  gas  at  this  pressure  is  negligible 
since  practically  no  current  to  C  and  D,  Fig.  i,  was  observed  when 
primary  electrons  were  driven  into  E. 

In  order  to  facilitate  adjustment  and  to  prevent  the  waste  of  time 
necessitated  by  cutting  open  the  tube  containing  the  apparatus,  a  ground 
glass  joint,  having  the  same  diameter  as  the  tube  (2  inches),  was  sealed 
on  one  end.  To  make  the  joint  air  tight  and  to  avoid  the  presence  of 
wax  vapor,  the  joint  was  copper  plated  and  soldered  together  with 
Wood's  metal.  The  glass  was  first  platinized  by  painting  on  a  solution 
of  platinum  chloride  and  dextrine,  then  heated  in  an  electric  furnace 
until  the  platinum  was  reduced  to  the  metallic  form.  Four  or  five 
separate  coats  and  heatings  were  necessary  to  make  the  platinum  suffi- 
ciently conducting  so  that  a  uniform  deposit  of  electrolytic  copper  could 
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be  obtained.  At  first  difficulty  was  experienced  in  obtaining  a  deposit 
of  copper  which  did  not  let  air  through  between  the  copper  and  platinum. 
This  was  finally  overcome  by  taking  special  precautions  in  the  cleanliness 
of  the  solution  of  copper  sulphate  used,  and  by  the  addition  of  a  small 
amount  of  glucose  to  the  solution,  which  produced  a  finer  grained  de- 
posit. The  copper  was  deposited  on  the  two  parts  of  the  joint  so  that 
when  they  were  fitted  together  the  copper  plating  completely  covered 
the  outside  of  the  joint.  Wood's  metal  was  used  to  solder  the  two  parts 
together  because  of  its  low  melting  point.  With  zinc  chloride  it  required 
very  little  heating  to  coat  the  surface  of  the  copper  with  the  alloy.  The 
vapor  pressure  of  Wood's  metal  is  not  exactly  known,  but  it  should  cause 
no  trouble  in  the  tube  since  two  inches  of  tight-fitting  ground-glass  joint 
intervene  to  make  the  rate  of  diffusion  extremely  small.  The  ground 
joint  was  placed  near  one  end  of  the  tube  and  far  enough  from  the 
metal  parts  so  that  it  was  possible  to  bake  out  the  apparatus  without 
heating  up  the  joint.  The  inner  seal  which  was  attached  to  the  re- 
movable part  of  the  ground  joint  supported  the  wires  carrying  the  heating 
current  and  the  quartz  tube,  and  also  two  small  glass  tubes,  one  of 
which  held  the  focusing  plate,  F,  and  the  other  the  diaphragm,  A. 

Method  of  Procedure. 

Since  the  magnitude  of  the  primary  current  was  found  to  vary  with 
the  velocity  of  the  primary  electrons,  the  ratio  of  the  secondary  current 
to  the  primary  current  was  measured  as  a  function  of  the  primary 
velocity.  The  secondary  current  was  obtained  by  taking  the  difference 
between  the  total  primary  current  to  E  when  open,  and  the  current  to 
the  target  when  it  was  over  the  hole  in  the  end  of  E.  Direct  measure- 
ment of  the  secondary  electron  current  to  the  cylinder,  C,  gave  the  same 
result  as  the  above  method.  B,  C,  D,  and  E  were  all  grounded  during 
this  measurement  so  that  the  number  and  energy  of  the  secondary 
electrons  were  not  affected  by  an  external  field.  In  order  to  obtain 
larger  primary  currents  for  the  small  velocities  a  retarding  field  was 
placed  between  A  and  B,  *so  that  the  primary  electrons  were  first  ac- 
celerated to  A,  retarded  to  5,  and  then  passed  on  into  E  with  a  velocity 
measured  by  the  difference  between  the  accelerating  and  retarding 
potentials.  The  procedure  was  then  to  measure  the  primary  and 
secondary  electron  current  for  various  primary  velocities,  obtained  by 
varying  the  potential  of  5. 

To  determine  the  velocity  distribution  of  the  primary  electrons,  i.e., 
to  find  out  what  fraction  of  the  total  number  had  a  velocity  corresponding 
to  the  net  accelerating  voltage,  a  varying  retarding  potential  was  put 
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on  E  and  D,  with  E  open,  the  potential  of  the  two  being  the  same.  This 
potential  was  varied  in  steps  from  zero  up  to  the  accelerating  voltage, 
and  the  corresponding  currents  to  the  cylinder,  E,  measured.  By  trial, 
it  was  found  that  no  electrons  hit  D,  The  velocity  distribution  of  the 
secondary  electrons  for  any  given  primary  velocity  was  obtained  by 
measuring  the  current  to  the  target  as  the  potential  of  -B,  C,  and  D  (all 
being  the  same)  was  varied  in  steps  from  zero  up  to  the  voltage  corre- 
sponding to  the  primary  velocity.  B  was  kept  at  the  same  potential  as 
C  and  D,  for  it  was  found  that  the  pnmary  stream  was  scattered  if 
there  was  an  appreciable  potential  gradient  between  B  and  C.  This 
procedure  is  based  on  the  assumption,  which  seems  to  be  a  reasonable 
one,  that  the  velocity  of  impact  of  the  primary  electrons  is  given  by  the 
potential  drop  from  the  target  to  the  source,  independent  of  the  potentials 
of  -B,  C,  and  D.  Changes  in  the  potential  of  5,  C,  and  D  produce  changes 
in  the  magnitude  of  the  primary  electron  stream,  but  these  are  taken 
account  of,  since  the  total  current  to  £,  as  well  as  the  current  to  the 
target,  was  measured  each  time  that  the  potential  of  B,  C,  and  D  was 
changed.  The  ratio  of  the  secondary  electron  current  to  the  total 
current  received  by  £  as  a  function  of  the  retarding  potential  on  B,  C, 
and  D  then  gave  a  measure  of  the  velocity  distribution  of  the  secondary 
electrons,  since  the  secondary  electrons  which  leave  the  target  must 
have  a  velocity  greater  than  that  corresponding  to  the  retarding  field 
which  tends  to  keep  them  on  the  target.^ 

Results. 
As  shown  by  the  curves  of  Fig.  2,  the  ratio  of  the  secondary  to  the 
primary  current  as  a  function  of  the  velocity  was  obtained  for  the  follow- 
ing: (i)  a  polished  nickel  target;  (2)  a  nickel  target  which  had  been 
cleaned  with  fine  emery  paper;  (3)  nickel  target  etched  with  acid;  (4) 
nickel  target  covered  with  fine  nickel  gauze;  (5)  a  copper  target;  (6)  a 
polished  nickel  target  after  prolonged  heat  treatment  at  bright  red  heat. 
The  first  five  curves  were  obtained  with  targets  which  had  received  tlie 
same  heat  treatment  as  the  rest  of  the  apparatus,  i.e.,  baked  at  400®  C. 
for  several  hours.  The  results  show  that  the  number  of  secondary 
electrons  is  independent  of  the  roughness  of  the  surface,  but  that  covering 

» The  above  method  assumes,  of  course,  that  the  retarding  potential  on  the  cylinder,  C, 
is  a  measure  of  the  total  velocity,  and  not  of  components  perpendicular  to  the  surface  of  the 
cylinder.  This  would  only  be  true  if  a  small  target  was  placed  at  the  center  of  a  hollow 
spherical  conductor  large  compared  to  the  size  of  the  target.  However,  the  error  introduced 
by  an  apparatus  having  the  dimensions  of  Fig.  i  should  not  be  serious.  In  any  case,  it  would 
be  constant  and  such  as  to  make  the  value  obtained  for  the  velocity  smaller  than  the  true 
value,  so  the  fact  that  large  values  were  obtained  for  at  least  some  of  the  secondary  electrons 
would  not  be  altered. 
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the  surface  with  fine  nickel  gauze  considerably  reduces  the  number  of 
secondary  electrons.  The  secondary  electron  current  from  a  copper 
target  seems  to  be  greater  than  that  from  a  nickel  target.  However, 
since  the  above  observations  were  taken  before  sufficient  heating  to 
eliminate  the  effects  of  occluded  gas,  no  final  conclusion  can  be  drawn  as 
to  the  difference  in  the  secondary  electron  current  from  copper  and 
nickel.^ 

Prolonged  heating  of  the  nickel  target  at  bright  red  heat  was  ac- 
complished by  high-frequency  induction.  The  target  could  be  moved 
up  into  a  bulge  in  the  tube  so  that  only  the  target  was  heated  to  red 
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heat  when  the  tube  was  surrounded  by  a  few  turns  of  wire  which  carried 
the  high-frequency  current.  The  appearance  of  the  target  was  unchanged 
by  the  heat  treatment,  although  a  considerable  amount  of  nickel  was 
evaporated  onto  the  walls  of  the  glass  tube  opposite  the  target.  Since 
the  pumps  were  kept  going  during  this  heat  treatment  the  gas  pressure 
remained  small  at  all  times  (less  than  .ooooi  mm.  Hg),  and  when  the 
heating  had  been  continued  until  the  limiting  curve  was  obtained  the 
gas  pressure  even  during  the  heating  was  so  low  that  the  mercury  stuck 
to  the  top  of  the  McLeod  gauge. 

*  It  is  interesting  to  note  that  a  curve  of  the  same  form  as  curve  i  was  obtained  with  a 
preliminary  form  of  apparatus,  in  which  the  nickel  target  was  moved  along  the  axis  of  the 
tube,  similar  to  the  arrangement  used  by  A.  W.  Hull. 
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As  shown  by  curve  6,  the  prolonged  heat  treatment  reduces  the 
secondary  electron  current  considerably  and  changes  the  general  shape 
of  the  curve.  Curve  7  was  obtained  after  the  target  had  been  heated 
to  bright  red  heat  for  only  a  few  seconds  (about  10).  Further  heating 
gradually  changed  and  lowered  the  curve  from  the  form  7  to  the  form  6. 
Curve  6  seems  to  be  the  limiting  value  since  additional  heating  pro- 
duced no  further  change.  To  make  sure  that  the  change  produced  was 
due  to  elimination  of  gas  and  not  to  a  change  in  the  structure  of  the 
metal,  the  apparatus  was  exposed  to  air  and  then  evacuated  and  baked 
at  400**  C,  after  which  the  original  curve  i  was  obtained.  Curve  6 
was  then  repeated  after  prolonged  heating.  Exposing  the  apparatus  to 
hydrogen  at  a  pressure  of  2  cm.  Hg  for  several  days  increased  the  second- 
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ary  electron  current  as  shown  by  curve  lo,  Fig.  3,  but  again  heating  the 
target  at  bright  red  heat  reduced  this  current  to  the  same  limiting  values 
which  it  reached  after  heating  subsequent  to  the  exposure  to  air,  so  that 
it  seems  safe  to  conclude  that  the  final  curve  is  one  which  represents  the 
true  characteristics  of  the  metal. 

As  already  seen  from  curve  7,  an  enormous  change  in  the  curve  was 
produced  by  only  a  few  seconds  heating  of  the  target  at  bright  red  heat, 
and  practically  the  whole  change  produced  by  the  continued  heating 
at  this  temperature  was  found  to  take  place  during  the  first  few  minutes. 
The  curve  obtained  after  30  min.  of  this  heating  was  only  slightly  higher 
than  that  obtained  after  one  hour  of  heating.     Further  heating  produced 
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no  noticeable  change  in  the  curve,  i.e.,  the  limiting  form  was  reached 
after  about  one  hour  of  heating  at  bright  red  heat.  Only  about  20  min. 
of  this  heating  seemed  to  be  necessary  to  obtain  the  limiting  curve  sub- 
sequent to  the  exposure  of  the  apparatus  to  hydrogen  under  the  con- 
ditions previously  stated.  The  heating  at  red  heat  was  not  effected 
continuously,  but  at  about  one-minute  intervals  for  periods  of  one 
minute,  so  as  to  prevent  overheating  of  the  glass  tube.  No  results  for  a 
copper  target  after  continued  heating  have  been  obtained  as  yet,  due  to 
experimental  difficulties. 

After  the  target  had  been  heated  to  red  heat  it  assumed  a  negative 
potential  of  about  0.8  volt  with  respect  to  the  surroundings,  thus  pro- 
ducing the  sharp  rise  at  the  low-velocity  end  of  the  curves  obtained 
after  heating.  By  neutralizing  this  negative  potential  with  a  positive 
potential  of  0.8  volt,  curve  9  was  obtained.  It  will  be  noticed  that  this 
curve  lies  below  curve  8,  the  difference  between  the  two  curves  increasing 
with  the  primary  velocity.  This,  however,  is  easily  explained  if  we 
consider  that  before  the  contact  potential  is  neutralized  the  secondary 
electrons  are  pulled  off  the  target  by  a  potential  difference  of  0.8  volt 
which  causes  more  electrons  to  leave  the  target  than  would  if  no  field 
existed.  This  difference  would  naturally  increase  with  increase  in  the 
number  of  secondary  electrons.  Curve  9  can  then  be  considered  as 
representing  the  true  secondary  electron  characteristics  of  nickel  pro- 
duced in  an  equipotential  region.  The  curve  obtained  after  allowing 
the  apparatus  to  stand  over  night,  during  which  time  the  pressure  re- 
mained less  than  .00001  mm,,  was  found  to  be  somewhat  higher  than 
the  limiting  form,  i.e.,  the  secondary  electron  current  had  increased 
slightly.  The  contact  potential  of  the  target  had  also  slightly  decreased. 
This  result  is  probably  due  to  absorption  of  gas  and  to  gas  diffusing  out 
from  the  interior  of  the  target. 

A 'typical  set  of  data,  taken  after  prolonged  heat  treatment,  is  shown 
in  Table  I.  Column  i  shows  the  retarding  potentials  used  between  A 
and  5,  Fig.  i.  These  retarding  potentials  gave  the  best  velocity  distri- 
bution of  the  primary  electrons,  although  no  difference  could  be  noticed 
in  the  curve  obtained  with  a  constant  retarding  potential  of  20  volts. 
Column  2  contains  the  primary  velocity  in  volts  (uncorrected).  The 
total  current  was  measured  before  and  after  the  current  to  the  target 
was  observed  and  the  average  taken  as  indicated  in  Column  3.  Column 
5  contains  the  current  to  the  diaphragm,  D,  when  the  cylinder  E  was 
open  and  when  it  was  closed  by  the  target.  As  stated  in  the  description 
of  apparatus,  these  observations  show  whether  the  presence  of  the  target 
causes  any  scattering  of  the  primary  beam  which  would  result  in  an 
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apparent  secondary  electron  current.  The  observations  show  that 
practically  no  primary  electrons  hit  D,  but  nearly  all  went  through  the 
hole  into  £,  when  E  was  open.  The  current  to  D  was  somewhat  larger 
when  the  target  was  over  the  hole  in  E,  It  was,  however,  much  too 
small  to  account  for  the  apparent  secondary  electron  current  by  a  scatter- 
ing of  the  primary  beam.  From  Column  5a,  Table  I.,  we  see  that  there 
was  no  current  to  D  until  a  primary  velocity  of  4  volts  (uncorrected) 
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was  reached,  after  which  the  ratio  of  this  current  to  the  total  secondary 
current  (obtained  by  taking  the  ratio  of  the  corresponding  values  of 
Column  5a  and  Column  6)  increased  to  about  0.12  at  15  volts  primary 
velocity  and  then  remained  more  or  less  constant  until  150  volts  primary 
velocity  was  reached,  after  which  it  again  increased  to  about  .14  at  260 
volts.  The  magnitude  of  this  current  is  easily  explained  if  we  consider 
that,  of  the  secondary  electrons  which  leave  the  target  in  random  direc- 
tions,^ a  small  percentage  will  be  intercepted  by  Z>,  for,  although  D  was  as 
close  as  practicable  to  the  target  (something  less  than  one  mm.),  it  sub- 
tended an  angle  sufficient  to  account  for  the  current  which  it  received.' 
Column  7  was  obtained,  as  previously  explained,  by  dividing  the  dif- 
ference between  the  total  current  and  the  current  to  the  target  by  the 
total  current.  Since  only  the  ratio  of  the  currents  was  desired  no  atten- 
tion was  paid  to  their  absolute  magnitudes.  The  currents  for  velocities 
of  the  order  of  a  volt  and  less  were  easily  measured  with  a  D'Arsonval 
galvanometer  of  sensibility  io~^®  amps,  per  mm.  of  deflection  and  much 
larger  currents  were  obtained  for  the  higher  velocities. 

The  velocity  distributions  of  the  primary  electrons,  obtained  as 
previously  explained,  are  shown  in  Figs.  4  to  6.     The  dotted  curves  in 

>  John  T.  Tate,  Phys.  Rbv.,  17,  p.  394.  1921.  C.  Davisson  and  C.  H.  Kunsman.  Science* 
54*  p.  522,  1921. 

*  In  this  case  we  should  expect  that  the  ratio  of  the  current  to  D  to  the  total  secondary 
current  would  remain  constant*  independent  of  the  magnitude  of  the  secondary  current. 
The  increase  of  this  ratio  for  the  lower  primary  velocities  may  be  due  to  the  effect  of  the 
magnetic  field,  causing  the  bulk  of  the  secondary  electrons,  having  sufficiently  low  velocities, 
to  leave  the  target  in  the  direction  of  the  field,  t.e.,  along  the  axis  of  the  tube  and  thus  pre- 
venting them  from  striking  D,  Then,  only  those  secondary  electrons  which  have  a  velocity 
sufficient  to  overcome  the  effect  of  the  magnetic  field  would  be  able  to  reach  D,  The  ratio 
of  this  number  to  the  secondary  current  would  obviously  increase  with  the  primary  velocity 
until  the  bulk  of  the  secondary  electrons  had  a  velocity  great  enough  to  be  unaffected  by  the 
magnetic  field  (see  velocity  distribution  curves  of  secondary  electrons  below).  The  increase 
of  current  to  D  which  begins  at  the  higher  velocities  may  be  the  result  of  reflection  of  the 
secondary  electrons  from  the  inner  surface  of  the  cylinder,  C,  back  to  D.  Although  this 
reflection  is  decreased  by  the  presence  of  gauze  on  the  surface,  as  previously  seen,  the  velocity 
distribution  curves  of  secondary  electrons,  shown  below,  indicate  that  there  are  some  high- 
velocity  secondary  electrons  leaving  the  target  which  might  produce  an  appreciable  effect  due 
to  their  reflection  from  the  cylinder  C  back  to  the  diaphragm  D,  Some  of  these  reflected 
secondary  electrons  would  also  strike  the  target  and  thus  introduce  an  error  since  it  has  been 
assumed,  for  the  results  obtained,  that  the  only  electrons  hitting  the  target  are  primary 
electrons.  This  effect,  however,  would  not  be  noticeable  until  comparatively  large  values  of 
the  primary  velocity  had  been  reached.  A  rough  calculation  shows  that,  for  a  primary 
velocity  of  30  volts,  less  than  0.3  per  cent,  of  the  incident  electrons  on  the  target  are  secondary 
electrons  from  the  cylinder  C.  At  100  volts  it  amounts  to  less  than  i.o  per  cent.  This  error 
would  cause  the  observed  secondary  electron  curve  to  lie  below  the  correct  curve.  In  this 
calculation  it  was  assumed  that,  due  to  the  effect  of  the  magnetic  field,  all  of  the  secondary 
electrons  from  the  target  left  in  directions  so  as  to  hit  the  opposite  end  of  the  cylinder  C, 
instead  of  leaving  in  random  directions,  and  a  similar  assumption  was  made  for  those  leaving 
the  end  of  the  cylinder  C. 
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Fig.  4  were  obtained  by  plotting  the  slopes  of  the  original  curves  as 
ordinates.  The  ordinate  at  any  point  is  then  proportional  to  the  number 
of  electrons  having  a  velocity  corresponding  to  the  retarding  potential. 
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It  will  be  noticed  that,  although  the  velocity  distribution  is  probably  as 
good  as  could  be  expected,  the  bulk  of  the  electrons  have  velocities  some- 
what lower  than  that  corresponding  to  the  net  accelerating  voltage 
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applied.  This  must  be  due  to  a  contact  potential  between  the  platinum 
source  and  the  nickel.  Because  of  this  difference  the  velocities  as  given 
in  Column  2  of  Table  I.  must  be  corrected.  This  correction,  which 
varies  slightly  with  the  primary  velocity,  was  made  before  the  curves 
were  plotted  so  that  the  abscissa  of  the  curves  in  Figs.  2  and  3  are  the 
corrected  velocities.    Since  the  velocity  distribution  curves  show  that 
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the  velocities  vary  over  a  range  of  about  one  volt,  the  mean  value  was 
taken  as  the  correct  one.  It  was  found  that  the  velocity  distribution 
of  the  primary  beam  depended  to  a  slight  extent  on  the  potential  of  the 
focus  plate,  F,  the  best  distribution  being  obtained  with  the  potential 
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of  F  the  same  as  that  of  the  source,  5.  For  this  reason  S  and  F  were 
kept  at  the  same  potential  during  all  the  observations  although  there 
were  other  potentials  of  F  which  gave  larger  primary  currents. 

The  velocity  distributions  of  the  secondary  electrons,  obtained  as 
explained  under  "procedure,"  are  shown  in  Figs.  7  to  9.  The  dotted 
curves  were  obtained  by  plotting  the  slopes  of  the  other  curves  as  ordi- 
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nates.  These  curves  indicate  that,  when  the  primary  velocity  is  below 
about  9  volts,  a  large  percentage  of  the  secondary  electrons  have  velocities 
nearly  equal  to  the  primary  velocity  and  a  very  small  percentage  have 
velocities  less  than  one  volt.     For  higher  primary  velocities  the  distribu- 
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tion  changes,  there  being  many  secondary  electrons  having  low  velocities. 
The  percentage  of  secondary  electrons  having  velocities  less  than  5  volts, 
say,  increases  as  the  primary  velocity  increases.  There  are,  however, 
a  few  per  cent,  having  velocities  nearly  equal  to  that  of  the  primary 
electrons  when  the  primary  velocity  is  as  great  as  1 10  volts.  As  stated 
in  the  introduction,  Gehrts  and  von  Baeyer  found  no  secondary  electrons 
with  velocities  greater  than  30  volts.  The  present  results,  however, 
agree  qualitatively  with  those  of  Davisson  and  Kunsman,  who  found 
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some  secondary  electrons  with  velocities  nearly  equal  to  that  of  the 
primary  stream. 

Discussion  of  Results. 

In  the  preceding  discussion  the  use  of  the  words  *' reflection"  and 
"emission"  has  purposely  been  avoided,  since  there  has  been  some 
difference  of  opinion  as  to  whether  actual  reflection  of  the  primary 
electrons  occurs  or  whether  all  of  the  secondary  electrons  are  produced 
by  ionization  at  the  metal  surface.  It  is  certain  that  emission  occurs 
at  high  velocities  where  more  electrons  leave  the  surface  than  strike  it, 
but  the  question  is  obviously,  whether  reflection  occurs  at  all,  and  if  so, 
at  what  velocity  of  impact  emission  begins.  Gehrts  and  von  Baeyer 
concluded  from  the  nature  of  their  results  (see  introduction)  that  reflec- 
tion occurred  only  below  ii  volts,  and  that  at  this  velocity  an  emission 
began  which  increased  rapidly  with  the  primary  velocity.  They  were, 
however,  unable  to  interpret  the  maximum  in  the  secondary  electron 
curve  at  5  volts.  They  considered  that  their  explanation  would  have 
seemed  more  plausible  if  the  number  of  secondary  electrons  had  decreased 
steadily  with  the  primary  voltage  up  to  11  volts  and  then  increased, 
instead  of  showing  a  maximum  at  about  5  volts.  The  phenomena  could 
then  have  been  considered  as  due  to  reflection  which  was  large  (qt  small 
primary  velocities  but  which  decreased  with  increasing  velocity  to  11 
volts,  where  an  emission  began  and  increased  rapidly  with  further  in- 
crease in  primary  velocity.  The  results  of  the  present  investigation 
show  that  the  maximum  which  they  observed  at  5  volts  was  probably 
due  to  the  effects  of  absorbed  gas,  since  it  disappears  with  continued 
heating.  Since  I.  G.  Barber  obtained  no  secondary  electrons  below  about 
10  volts*  primary  velocity  he  concluded  that  there  is  no  such  thing  as 
reflection  of  electrons  and  that  emission  begins  at  about  10  volts. 

The  following  features  of  the  present  investigation  show  that  a  new 
factor  enters  into  the  production  of  secondary  electrons  from  nickel  at 
about  9  volts:  (i)  the  sudden  change  in  slope  of  the  secondary  electron 
curve  (Figs.  2  and  3)  at  about  9  volts;  (2)  the  difference  between  the 
velocity  distribution  of  secondary  electrons  when  the  primary  velocity 
is  8.6  volts  or  less,  and  that  when  the  primary  velocity  is  considerably 
greater  than  this.  These  results  lead  one  to  the  interpretation  that 
reflection  of  electrons  from  nickel  occurs  for  all  the  primary  velocities 
investigated,  the  reflection  increasing  between  o  and  4  volts*  primary 
velocity  and  then  remaining  constant  to  9  volts,  where  emission  begins 
and  increases  with  increase  of  primary  velocity  to  at  least  260  volts. 
That  there  are  some  high-velocity  electrons  present,  when  the  primary 
velocity  is  as  great  as  no  volts,  indicates  that  reflection  continues  after 
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emission  begins,  so  that  above  9  volts  there  is  both  reflection  and  emission. 
According  to  this  idea  the  reflected  electrons  may  be  considered  to  have 
velocities  nearly  equal  to  the  primary  velocity,  i.^.,  reflection  involves 
a  change  in  direction  without  much  loss  in  energy,  while  the  emitted 
electrons  have  a  much  smaller  velocity. 

The  above  interpretation  is  further  substantiated  by  a  phenomenon 
which  was  observed  when  obtaining  the  velocity  distribution  of  the 
primary  electrons.  It  will  be  noticed,  from  the  velocity  distribution 
curves  of  the  primary  electrons,  that  when  the  primary  velocity  was  less 
than  9  volts,  all  of  the  primary  electrons  had  velocities  nearly  equal  to 
that  corresponding  to  the  applied  voltage.  For  larger  primary  velocities, 
however,  there  are  some  low  velocity  electrons  present,  as  indicated  by 
the  rise  of  the  left  end  of  the  curves.  Also,  the  number  present  appears 
to  increase  With  the  primary  velocity.  This  can  be  explained,  with  the 
previous  interpretation,  as  being  due  to  emission  of  electrons  from  the 
edges  of  the  diaphragms  which  limit  the  primary  beam.  Thus,  since 
below  9  volts  no  emission  occurs,  there  are  no  low-velocity  electrons 
present  in  the  primary  beam. 

The  accuracy  in  determining  the  ionization  potential  depends,  of 
course,  on  the.  velocity  distribution  of  the  primary  beam.  Since  the 
velocity  varies  over  a  range  of  about  one  volt,  the  mean  velocity  was 
taken  as  the  correct  one,  as  previously  mentioned.  If,  however,  the 
electrons  with  the  highest  velocity  are  sufficient  in  number  to  produce  an 
appreciable  effect,  an  error  will  be  introduced  equal  to  the  difference 
between  this  higher  velocity  and  the  mean  value.  Hence  the  value 
obtained  may  be  subject  to  a  small  correction. 

Since  the  number  of  secondary  electrons  obtained  at  the  low  velocities 
was  much  greater  before  the  continued  heating  than  after,  one  must 
conclude  that  the  reflection  of  electrons  from  the  atoms  of  gas  on  a 
metal  surface  is  greater  than  from  the  metal  freed  from  gas.  Since  the 
ionization  potential  of  hydrogen  is  about  11  volts,  the  increased  secondary 
current  below  this  velocity,  as  shown  in  curve  10,  Fig.  3,  is  probably  due 
to  reflection  from  hydrogen  atoms  in  the  surface  rather  than  ionization 
of  them.  The  fact  that  curve  10  lies  above  the  limiting  curve  for  all 
velocities  up  to  260  volts  also  shows  that  more  electrons  are  knocked  out 
of  the  hydrogen  atoms  than  from  the  nickel  atoms.  This  is  also  true 
for  air. 

The  method  used  is  particularly  well  adapted  to  the  extension  of  the 
investigation  to  other  metals.  Targets  of  the  various  metals  can  be 
inserted  and  the  characteristics  of  each  studied  under  the  same  condi- 
tions by  moving  them  successively  into  the  path  of  the  primary  electron 
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Stream.  There  is  no  reason  to  believe  that  the  secondary  electron 
characteristics  should  be  the  same  for  all  metals,  and  a  knowledge  of 
their  characteristics  in  this  respect  should  be  of  value  in  connection  with 
the  electron  theory  of  metals. 

Summary  and  Conclusion. 

1.  The  secondary  electron  characteristics  of  nickel,  for  low  primary 
velocities,  have  been  investigated  in  detail.  The  results  are  independent 
of  the  particular  target  used  and  also  of  the  roughness  of  the  surface. 

2.  Heating  the  nickel  target  to  bright  red  heat  in  vacuo  changed  the 
shape  of  the  secondary  electron  curve  (Figs.  2  and  3)  and  decreased  the 
magnitude  of  the  secondary  electron  current.  Exposing  the  surface  to 
hydrogen  again  increased  the  secondary  electron  current.  The  same 
limiting  form  of  curve  was  obtained  after  prolonged  heating  of  the  target 
at  bright  red  heat  independently  of  whether  it  had  previously  been  ex- 
posed to  air  or  hydrogen. 

3.  A  sudden  change  in  slope  of  the  secondary  electron  curve  occurs 
at  about  9  volts*  primary  velocity,  which,  together  with  a  difference  in 
the  velocity  distribution  of  the  secondary  electrons  for  primary  velocities 
below  and  above  9  volts,  suggests  that  emission  or  ionization  at  the 
surface  begins  at  this  voltage  and  increases  with  primary  velocity,  and 
that  between  o  and  9  volts  only  reflection  occurs.  The  presence  of 
secondary  electrons  with  velocities  nearly  equal  to  that  of  the  primary 
beam  for  the  higher  velocities  suggests  that  reflection  continues  after 
emission  begins. 

This  problem  was  suggested  by  Professor  Max  Mason  and  was  carried 
out  under  the  direction  of  Professor  C.  E.  Mendenhall.    The  author 
wishes  to  express  his  indebtedness  to  these  gentlemen  for  many  valuable 
suggestions  and  criticisms  throughout  the  progress  of  the  work. 
The  University  of  Wisconsin, 
May,  1922. 
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NOTE  ON  THE  SPECIFIC   HEAT.  OF  TUNGSTEN. 

By  Paul  F.  Gabhr. 

^  Synopsis. 
DeUrmination  of  the  Specific  Heat  of  Tungsten, — Various  possible  sources  of  error 
are  suggested  which  must  be  taken  into  account  if  the  method  recently  described  by 
Smith  and  Bigler  is  to  give  accurate  and  reliable  results. 

IN  the  March  number  of  this  magazine,  page  268,  there  appeared  the 
abstract  of  a  paper  by  K.  K.  Smith  and  P.  W.  Bigler  on  the  **  Specific 
Heat  of  Tungsten."  The  method  there  described  is  a  clever  one,  and 
deserves  a  wide  application.  However,  a  number  of  points  were  over- 
looked, and  the  omisjion  of  the  precautions  puts  the  results  in  doubt. 
These  points  were  discussed  in  part  by  Worthing  (August,  1918)  and 
myself  (November,  1918)  in  this  magazine.  The  points  in  question 
will  be  given  below. 

1.  If  the  entire  filament  is  used,  there  is  no  knowledge  about  heat 
conduction  from  the  filament  to  the  leading-in  wires.  Unless  this  is 
known,  one  cannot  say  what  proportion  of  the  electrical  energy  supplied 
goes  to  the  filament. 

2.  In  my  article,  referred  to  above,  it  was  shown  that  unless  tempera- 
ture fluctuations  be  kept  down  to  about  10°  C,  then  one  cannot  con- 
sider as  negligible  the  second  and  higher  order  derivatives  in  the  expan- 
sion of  J{T)  into  a  Taylor's  Series.  It  would  therefore  seem  wise  for 
Smith  and  Bigler  to  modify  their  method  by  superimposing  a  small 
alternating  current  on  a  direct  current,  and  to  make  sure  that  the  tem- 
perature fluctuations  from  the  mean  do  not  exceed  about  5°  C. 

3.  Not  only  does  it  appear  that  the  specific  heat  varies  linearly  with 
the  temperature,  which  ought  to  be  taken  account  of  in  the  equations, 
but  also  it  would  seem  from  both  Worthing's  work  and  my  own  that  the 
specific  heat  appears  to  be  different  for  increasing  current  than  for 
decreasing  current.  This,  no  doubt,  is  due  to  the  fact  that  the  radiation 
from  the  filamert  is  not  simply  expressible  as  f{T),  but  that  to  this 
fimction  should  be  added  a  further  term  involving  the  time  rate  of 
change  of  the  temperature.  An  alternating  current  method  takes  no 
account  of  this. 

4.  Unless  the  wave  form  of  the  alternating  current  is  a  pure  sine  iorm, 
quite  free  from  harmonics,  there  are  serious  complications. 

5.  The  presence  of  the  Pyrex  cylinder,  on  whic  h  the  filament  is  wound, 
complicates  the  case  in  quite  the  same  way  as  the  leading-in  wires, 
even  if  not  to  the  same  extent. 
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6.  The  spiral  form  of  the  filament  tends  to  raise  the  temperature  of 
the  filament,  so  that  it  is  doubtful  that  Langmuir's  data  are  applicable. 

It  would  seem  that  the  experiment  could  be  repeated,  involving  the 
above  suggestions  (excepting  perhaps  the  third),  and  further  using 
Worthing's  method  of  potential  leads.  If,  also,  the  temperature  of  the 
filament  is  determined  pyrometrically,  the  method  should  then  be  an 
excellent  one. 
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THE   MOBILITIES  OF   ELECTRONS  IN   HYDROGEN. 
By  Leonard  B.  Lobb. 

Synopsis. 

Electron  mobilities  in  pure  hydrogen  have  been  measured  for  pressures  of  73  to  635 
mm.,  using  a  modified  alternating  field  method  with  fields  up  to  70  volts/cm.  Un- 
damped oscillation  of  15.000  to  200.000  cycles  were  obtained  from  a  vacuum  tube 
oscillator  and  were  measured  with  a  precision  wave-meter.  By  using  a  constant 
retarding  potential  of  6  volts  the  disturbing  effect  of  ions  of  impurities  was  eliminated 
and  curves  without  the  usual  feet  were  obtained.  The  mobility  (reduced  to  a 
pressure  of  76  cm.)  is  found  to  be  best  represented  by  the  equation:  k  »  3.74  X  10* 
/[399  +  (Vo/d)  (y6o/f^%  where  Vo/d  is  the  critical  field  in  volte  per  cm.  and  ^  is  the 
pressure  in  mm.  Comparison  with  kinetic  theory.  This  equation  is  practically  of  the 
same  form  as  that  found  by  less  accurate  measuremente  for  nitrogen  and  since  it  differs 
from  Townsend's  theoretical  equation:  k  «  al[h  +  (Vo/d) (760/^) )>'*,  either  the  mean 
free  path  of  the  electron  or  ite  loss  of  energy  at  impact  are  probably  functions  of  the 
velocity  of  the  electron.  When  the  electrical  fields  are  small  the  mobility  at  atmos- 
pheric pressure  comes  out  68.6  m/sec.  whereas  the  kinetic  theory  gives  130.6;  hence 
the  actual  mean  free  path  must  be  only  about  half  that  assumed  by  the  theory. 

TN  a  recent  paper^  the  writer  showed  that  by  applying  the  high-fre- 
•'■  quency  oscillations  of  an  audion  oscillator  to  the  Rutherford  alter- 
nating current  method  of  mobility  measurement,  it  was  possible  to  deter- 
mine electron  mobilities  in  pure  N2  whose  values  were  much  higher  than 
any  previously  obtained.  The  investigations  in  N2  have  been  extended 
to  H2  with  a  considerable  improvement  in  the  technique,  and  it  is  the 
purpose  of  this  paper  to  report  the  progress  made. 
The  technique  of  measurement  was  improved  along  the  following  lines: 

1.  By  the  use  of  a  new  oscillating  circuit  which  gave  undamped 
oscillations  whose  amplitude  could  be  varied  at  will  without  changing 
their  frequency. 

2.  By  the  elimination  of  the  asymptotic  feet  of  the  mobility  curves 
through  the  use  of  a  small  retarding  field  of  constant  value.  This  field 
acted  by  removing  the  ions  formed  through  the  attachment  of  electrons 
to  molecules  of  impurities. 

3.  By  the  elimination  of  the  disturbing  effect  due  to  a  gradual  con- 
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tamination  of  the  gas  by  impurities.  These  impurities  were  presumably 
liberated  from  the  walls  of  the  containing  vessel  on  standing.  The  effect 
of  the  impurities  was  avoided  by  introducing  fresh  gas  into  the  chamber 
before  each  set  of  readings. 

4.  By  the  use  of  a  precision  wave  meter  accurately  covering  the  whole 
range  of  frequencies  worked  with  in  place  of  the  rough  instrument  first 
employed. 

I.  The  new  oscillating  circuit  employed  is  shown  in  Fig.  i.    The 
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primary  oscillatiops  were  set  up  in  the  system  CiLiFidPu  where  the 
frequency  is  once  and  for  all  determined  by  the  inductance  Li  and  the 
capacity  d.  The  oscillators  FidPi  were  two  Western  Electric  Company 
**E**  tubes  acting  in  parallel.  The  filament  current  and  the  plate 
resistance  were  always  kept  constant.  The  secondary  inductance  Lj, 
closely  coupled  to  Li,  took  the  oscillations  from  it  and  thus  placed  an 
oscillating  potential  difference  of  the  frequency  of  that  in  the  primary 
circuit  between  the  filament  Fj  and  the  grid  G2  of  a  secondary  **E" 
tube  oscillator,  F2G2P2.  The  steady  electron  current  from  F2  to  d 
driven  by  200  volts  direct  current  was  therefore  periodically  interrupted 
by  the  oscillations  in  the  primary  circuit.     A  series  of  unidirectional 
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current  surges  accordingly  passed  through  the  inductance  L2'.  These 
acted  on  the  inductance  is  of  the  tertiary  system  Lzd  which  was  closely 
coupled  to  L2'.  Thus  (when  LsCs  was  tuned  to  resonance  with  the 
primary  system),  there  were  set  up  across  the  condenser  Cz  a  continuous 
train  of  undamped  oscillations.  The  inductance  and  capacity  Lz  and  Cj 
were  chosen  to  be  as  nearly  the  same  as  Li  and  Ci  as  possible,  the  final 
sharp  tuning  being  accomplished  by  a  small  variable  air  condenser  in 
parallel  with  d.  The  amplitude  of  the  oscillations  in  the  system  CjLs 
was  varied  by  varying  the  energy  in  the  secondary  circuit.  This  was 
accomplished  by  changing  the  secondary  filament  current  through  F2 
by  varying  R2.  One  side  of  the  condenser  Cz  was  grounded  and  the 
other  side  was  connected  to  the  plate  source  of  electrons  used  in  mobility 
measurement.  The  potential  differences  obtained  across  Cz  varied  from 
10  to  140  volts  and  were  measured  on  two  Kelvin  electrostatic  voltmeters. 
These  were  calibrated  against  a  standard  current  voltmeter  after  each 
mobility  determination.  The  frequencies  used  in  these  measurements 
varied  from  15,000  to  200,000  cycles  per  second.  To  cover  this  range  of 
frequencies  and  voltages  it  was  necessary  to  use  three  sets  of  the  induc- 
tances Lu  L2,  L2'  and  Ls,  each  set  having  values  of  about  4  X  lo',  i  X  lo', 
and  3  X  10^  cms.  The  capacities  Ci  and  Cz  were  each  a  battery  of  20 
tin  plates  separated  by  glass,  the  capacity  of  which  varied  by  about 
.0012  microfarad  for  each  pair  of  tin  plates. 

2.  In  the  previous  paper*  it  was  suggested  that  the  asymptotic  feet 
of  the  current-voltage  curves  obtained  were  caused  by  the  formation  of 
negative  ions  between  the  plates,  due  to  the  attachment  of  electrons  to 
impurities  present.  These  ions  would  not  be  removed  by  the  high-fre- 
quency oscillations,  and  thus  would  build  up  a  diffusion  potential  which 
would  produce  just  such  feet.  In  that  paper  the  result  of  an  attempt 
made  to  eliminate  these  by  means  of  a  small  field  of  constant  value  which 
would  pull  the  ions  back  to  the  lower  plate  was  reported.  The  attempt 
failed  in  part  because  the  fields  used  were  too  weak,  and  in  part  because 
of  the  fact  that  a  portion  of  the  feet  were  apparently  due  to  instrumental 
irregularities  of  small  magnitude  in  the  ion  chamber.  In  the  present 
case  two  small  flash-light  cells  giving  a  total  potential  difference  of  six 
volts  were  placed  between  the  condenser  Cz  and  the  lower  plate  P,  so 
that  the  plate  P  was  attached  to  the  positive  terminal  of  the  cells.  This 
arrangement  was  quite  successful  in  eliminating  the  feet  as  may  be  seen 
in  the  curves  of  Fig.  2.  In  this  figure  the  curves  with  crossed  points 
represent  the  curves  obtained  without  the  cells,  in  hydrogen  contaminated 
with  about  1/3000  its  volume  of  air.  Such  a  contamination  of  the  H2 
with  air  augmented  the  asymptotic  feet  very  perceptibly.     The  curves 
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with  the  circled  points  are  the  mobility  curves  obtained  under  the  same 
conditions  with  the  cells  inserted.     It  is  seen  that  the  curves  obtained 
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Fig.  2. 

with  the  cells  cut  the  axis  sharply  at  a  value  close  to  six  volts  above  the 
value  obtained  from  the  extrapolated  portions  of  the  crossed  curves. 
This  is  just  what  was  to  be  expected  if  the  feet  were  due  to  ions,  the 
effect  of  the  retarding  field  being  to  remove  the  feet,  and  to  increase  the 
critical  voltage  by  six  volts.^  Since  the  values  of  the  mobilities  obtained 
in  the  two  cases  are  the  same  it  is  immaterial  which  method  is  used  in 
measurement,  both  the  cells  and  extrapolation  giving  correct  values. 
The  important  point  is  that  these  feet  are  not  an  essential  attribute  of  electron 
mobility  curves,  and  are  due  to  causes  other  than  peculiarities  of  the 
electrons. 

3  and  4.  The  improvements  numbered  3  and  4  are  self  evident.  As 
regards  3  it  might  be  pointed  out  in  passing  that  the  inaccuracies  present 
in  the  measurements  of  mobilities  in  N2  made  it  impossible  to  detect  the 
gradual  contamination  of  the  gas  which  remained  in  the  metal  chamber 

^  The  latter  will  obviously  cease  to  be  true  when  the  fixed  potential  becomes  an  appreciable 
fraction  of  the  critical  voltage.  However  at  the  critical  voltages  below  20  volts  the  asymptotic 
feet  are  generally  negligible,  in  pure  Hj,  and  retarding  fields  may  be  dispensed  with. 
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more  than  three  or  four  days.  This  contamination  caused  changes  in 
the  mobility  of  less  than  ten  per  cent.,  and  these  occurred  chiefly  in  the 
case  of  mobilities  taken  with  low  fields  where  the  impurities  were  most 
active.  Thus  the  mobilities  at  a  given  pressure  in  N2  seemed  to  be 
quite  reproducible  over  several  days  when  high  fields  were  used,  while 
those  at  low  fields  showed  a  change.  With  the  inaccuracies  due  to  other 
causes  of  the  same  magnitude  superimposed  on  this  effect  it  became 
impossible  to  correlate  it  with  the  ageing  of  the  gas.  In  Hj  where  the 
precision  was  far  higher,  such  a  change  at  once  became  evident. 

The  hydrogen  used  came  from  a  commercial  tank  and  was  carefully 
purified  by  passing  over  hot  copper,  NaOH,  CaClj,  through  two  tubes 
of  PjOeoi  and  through  two  traps  cooled  with  liquid  air.  Spectroscopic 
examination  showed  only  H2  and  Hg  present,  though  it  is  doubtful  how 
delicate  this  test  was.  The  procedure  of  measurement  was  precisely 
that  followed  in  the  case  of  N2.  The  mobility  constant  K,  as  computed 
from  K  =  (2,2nd^/76oVo)p,  was  plotted  as  ordinate  against  the  value  of 
Vo  as  abscissa  as  before.  The  points  thus  obtained  under  the  best  condi- 
tions are  shown  in  Fig.  3.  It  is  seen  that  in  H2  the  mobility  varies  in 
much  the  same  manner  as  it  did  in  N2.  The  full  lines  represent  an 
attempt  to  fit  an  equation  of  the  form  K  —  a/(b  +  Vo)  to  the  points 
obtained  for  the  pressures  635,  303,  151,  and  73  mm.  respectively.  The 
dotted  lines  represent  an  equation  of  the  form 
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applied  to  the  same  points.  The  equations  fit  the  points  nearly  equally 
well,  the  dotted  curve  showing  perhaps  a  slightly  better  fit.  In  the  case 
of  the  full  line  curves,  the  curves  for  different  pressures  fall  quite  closely 
into  a  family  of  curves  whose  equation  is 
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The  attempt  to  incorporate  the  dotted  curves  for  different  pressures 
into  a  family  of  curves  of  the  form 
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d\  p  ) 

was  nearly  as  successful.    Thus  we  must  conclude  that  the  equation 
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j^  ^ 274  X  IO« 


T(f) 


3/4 

399+- 


seems  to  represent  the  observed  results  with  the  greatest  accuracy. 
Here  K  is  the  mobility,  p  the  pressure  in  mm.,  Vo  the  critical  voltage  in 
volts,  and  d  the  plate  distance  in  cm. 
This  equation  for  Hj  differs  from  that  for  N2, 

K  = 


in  form  only  in  that  the  pressure  ratio  (jOo/p)  in  the  case  of  H2  is  raised 
to  the  3/4  power,  while  the  power  of  760/p  in  N2  is  i.  It  seems  likely 
that  this  difference  is  due  to  the  uncertainty  of  the  earlier  measurements 
in  N2.  For  by  applying  the  correction  to  the  results  in  N2  indicated  by 
the  conditions  of  the  improved  technique  the  curves  obtained  show 
changes  which  would  make  the  factor  {760/p)  in  the  present  equation 
become  {760/pyf^. 

The  theoretical  equation  for  the  mobility  of  electrons  in  a  gas  where 
they  make  partially  elastic  impacts  with  gas  molecules  as  suggested  by 
Townsend  ^  is  of  the  form 

^  ^  .SiseL 


I      .  ,575V^L 


tnc^Ji  + 


where  L  is  the  electron  mean  free  path,  e  its  charge,  m  its  mass,  c  its 
velocity  of  thermal  agitation,  and/  the  fraction  of  its  energy  lost  at  each 
impact.     This  equation  demands  that  the  mobility  K  should  vary  as 

K  = 


where  a  and  b  are  functions  of  L  and  /.     As  the  experimental  equation 

hastheformaboveonemay  then  conclude  that  in  H2  as  in  N2  either  the 

mean  free  path  (L)  of  the  electron,  its  loss  of  energy  on  impact  /,  or 

perhaps  both  of  these  quantities,  vary  as  a  function  of  the  energy  of  the 

electron,  i.e.,  depend  on  Vo/d  and  760/p.     No  conclusion  can  at  present 

be  drawn  as  to  which  one  of  these  factors  is  the  more  important  variable, 

»  L.  B.  Loeb,  Phys.  Rev.  (N.  S.),  19,  1922  (24). 

L.  B.  Loeb,  Proc.  Nat.  Acad.  Sciences,  7,  1921  (307). 
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though  it  is  hoped  that  results  obtained  in  He  may  shed  light  on  this 
question.  The  results  of  Ramsauer,^  Mayer,*  and  Townsend*  on  the 
variation  of  the  electronic  mean  free  path  in  argon  with  the  electron 
velocity,  and  the  results  obtained  by  Townsend  •  on  the  variation  of  the 
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mean  free  paths  with  the  electron  velocity  in  other  gases,  indicate  that 
a  variation  of  the  mean  free  path  may  possibly  be  the  cause  of  the  devia- 
tion of  the  observed  mobilities  from  those  demanded  by  the  theory. 

>  C.  Ramsauer,  Ann.  d.  Phys.,  64,  192 1  (513). 

*  H.  F.  Mayer,  Ann.  d.  Phys.,  64,  192 1  (451). 

*  J.  S.  Townsend  and  V.  A.  Bailey,  Phil.  Mag..  43,  1922  (593). 
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In  the  case  where  the  field  becomes  very  small  (i.e.,  for  V/d  approaching 
o),  the  observed  equation  for  the  variation  of  K  with  Vo  approaches  a 
constant  value  Ko  =  a/b  which  may  be  compared  with  the  value  of  Kq 
predicted  by  the  kinetic  theory.  For  in  this  case  the  electron  absorbs  no 
appreciable  energy  from  the  field,  and  its  energy  is  that  of  the  agitation 
of  the  molecules.    The  kinetic  theory  gives  Ko  for  electrons  as 

j^       .SiseL 
m    c 

Computing  Ko  for  Nt  it  was  found  that  the  observ^  value  was  about 
3.9  times  as  great  as  the  computed  value.  In  the  case  of  H2,  Ko  com- 
puted is  13,060,  while  Ko  observed  turns  out  to  be  but  6860.  The 
observed  mobility  is  then  .53  the  computed  one.  This  difference  of 
observed  and  computed  values  must  be  interpreted  as  meaning  that 
the  mean  free  paths  assumed  by  the  kinetic  theory  differ  from  those 
actually  existing.  For  the  mean  free  paths  are  the  only  factors  of  the 
equation  which  could  vary  in  this  case. 

Thus  the  mean  free  path  of  electrons  in  N2  is  about  four  times  that 
assumed  by  kinetic  theory,  a  result  similar  to  that  found  by  Townsend, 
Mayer,  and  Ramsauer,  for  argon  at  much  higher  electron  velocities; 
while  the  mean  free  path  of  electrons  in  H2  is  .53  that  assumed  by  kinetic 
theory.  An  explanation  for  the  low  value  of  the  mean  free  path  found  in 
hydrogen  may  be  sought  in  the  explanation  given  to  the  low  values  of  the 
mobilities  found  for  gas  ions  on  the  ''small  ion"  theory.  On  this  theory 
the  reduction  of  the  mobility  is  explained  by  assuming  that  the  field  of 
the  electron  acts  on  the  surrounding  gas  molecules,  and  so  by  either  losing 
momentum  it  has  gained  in  the  field,  or  by  making  its  collisions  with 
molecules  more  frequent,  it  effectively  seems  to  shorten  its  mean  free 
path.  Why  H2  should  show  this  latter  effect  while  in  nitrogen  this  effect 
seems  to  be  absent  furnishes  a  problem  for  the  future. 

National  Rbsbarch  Fellowship, 
Rysrson  Physical  Laboratory, 
June  12,  1933. 
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THE  SCATTERING  OF  X-RAYS  BY  CRYSTALS. 
By  G.  E.  M.  jAtwcBY. 

Synopsis. 

Scattering  of  X-rays  by  Crystals  (RocksaU  and  CaUite),  Metal  (Aluminum)  and 
Amorphous  Solid  (Glass), — Both  homogeneous  rays  (K«  of  Mo  obtained  by  pre- 
liminary reflection  from  a  rocksalt  crystal)  and  heterogeneous  rays  direct  from  a 
Mo  or  W  target  (70  to  no  kv.)  were  used,  and  scattering  curves  were  obtained  by 
measuring  the  ionization  for  various  angles  of  scattering.  On  account  of  the  small 
intensity  of  the  scattered  radiation,  incident  beams  of  15'  to  3^  width  and  a  scattered 
beam  of  6°  width  were  required  even  with  a  sensitive  Compton  electrometer.  For 
angles  from  50^  to  150®  the  curves  obtained  for  the  crystals  are  of  the  same  shape 
as  those  for  Al  and  glass,  each  curve  showing  a  minimum  at  about  zoo°;  but  for 
angles  below  50^  the  oystal  curves  fall  below  the  others  and  each  shows  a  maximum 
at  a  larger  angle,  between  15®  and  30®,  depending  on  the  wave-length.  In  addition 
to  the  general  scattering  at  all  angles,  there  appear,  for  the  OTstalline  substances, 
maxima  corresponding  to  the  Laue  spots.  When  correction  for  the  absorption  of  the 
cn^stal  is  made,  for  which  a  formula  is  given,  the  scattering  in  a  particular  direction 
is  found  not  to  depend  on  the  orientation  of  the  OTstal.  This  indicates  that  the 
atoms  are  isotropic.  As  was  to  be  expected  the  scattered  radiation  was  softer 
than  the  primary.  For  the  width  of  x-ray  beams  used  the  total  energy  scattered 
in  all  directions  was  an  appreciable  fraction  (0.70  for  homogeneous  Mo  Ka  rays  on 
calcite)  of  the  energy  reflected  in  a  first  order  spectrum  line.  Comparison  with  the 
Debye  theory  shows  fair  agreement  only  in  the  case  of  rocksalt  for  angles  greater 
than  60®.  For  calcite  there  is  no  agreement  and  the  prediction  that  the  scattering 
by  amorphous  substances  should  be  quite  different  from  that  by  crystals  is  not 
verified.  Appljrin^  the  Thomson  formula,  however,  the  number  of  electrons  per 
molecule  for  each  crystal  has  been  calculated  from  the  relative  amount  of  energy 
scattered  at  90^  and  comes  out  of  the  right  order  of  magnitude. 

IN  his  paper  on  the  "  Interference  of  Roentgen  Rays  and  Heat  Motion," 
Debye^  states  that  the  regular  reflection  of  x-rays  from  a  crystal 
surface  is  accompanied  by  diffusely  scattered  radiation  which  is  the 
most  intense  at  those  angles  at  which  the  intensity  of  the  regularly 
reflected  radiation  is  least.  He  finds  that,  if  the  crystal  is  set  at  such 
angles  as  to  reflect  a  particular  x-ray  spectrum  line  in  different  orders, 
and  if  the  ionization  chamber  is  set  to  receive  the  reflected  beam  in  each 
order,  the  heat  motions  of  the  atoms  should  cause  the  intensity  of  the 
different  orders  to  fall  off  as  the  number  of  the  order  increases.  On  the 
other  hand,  this  thermal  agitation  causes  the  intensity  of  the  diffusely 
scattered  radiation  to  increase  as  the  angle  with  the  primary  beam  of 
x-rays  increases.     In  another  paper,^  Debye  discusses  the  effect  of  the 

1  p.  Debyte.  Ann.  der  Phjrs.,  Band  43  (1914).  PP.  49-95- 
*  P.  Debye,  Ann.  der  Phys..  Band  46  (191 5).  PP.  809-823. 
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regular  arrangement  of  the  electrons  in  the  atoms  upon  the  x-ray  scatter- 
ing when  the  atoms  themselves  have  the  random  arrangement  char- 
acteristic of  amorphous  substances.  Comparing  these  two  papers,  it 
appears  that  the  general  scattering  by  crystals  should  be  quite  different 
from  that  by  amorphous  substances.  The  present  experimental  investi- 
gation was  undertaken  primarily  to  see  if  the  difference  predicted  by 
Debye  really  occurs. 

Experimental  Methods. 

If  the  primary  x-rays  strike  a  crystal  face  at  a  glancing  angle  ^,  the 
regularly  reflected  rays  occur  at  an  angle  26  with  the  primary  rays. 
In  the  experiments  described  in  this  paper  the  ionization  chamber 
instead  of  being  set  at  an  angle  2$  with  the  primary  rays  is  set  at  some 
other  angle  <l>.  The  intensity  of  the  diffuse  scattering  in  different  direc- 
tions is  thus  measured  I  and  curves  showing  the  variation  of  the  intensity 
of  the  scattered  radiation  with  the  angle  are  obtained.  These  curves 
are  then  compared  with  similar  curves  obtained  using  amorphous  sub- 
stances. 

In  the  first  experiments,  x-rays  from  the  molybdenum  target  of  a 
Coolidge  tube,  after  reflection  from  rocksalt  to  isolate  the  K©  line,  fell 
upon  the  crystal  under  investigation.  The  second  crystal  was  now  placed 
at  the  appropriate  angle  $  for  the  regular  reflection  of  the  molybdenum 
Ko  line  in  either  the  first  or  second  order  (see  Fig.  i).     Keeping  the 


A-X-RAX    BULB 
B-riR&T  CRYSTAL 
C- SECOND  CRYSTAL 
D-IONItATION  CHAMBCH 


Fig.  1. 

crystal  in  this  position,  readings  were  taken  with  the  ionization  chamber 
at  various  angles  ^  between  8®  and  90**.  The  tube  was  operated  by  an 
x-ray  transformer  at  about  70  kilovolts,  and  the  current,  4  milliamperes, 
was  controlled  by  a  Victor  current  stabilizer.  It  was  found  that  with 
this  stabilizer  it  was  not  necessary  to  employ  a  balance  method  for 
measuring  the  x-rays. 
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The  ionization  chamber  was  filled  with  a  mixture  of  methyl  iodide 
vapor  and  air,  and  the  ionization  current  produced  in  the  ionization 
chamber  measured  by  the  deflection  of  a  Compton  electrometer  operating 
at  a  sensibility  of  about  2500  millimeters  per  volt.  With  this  two-crystal 
method  the  deflection  due  to  the  diffuse  scattering  of  the  x-rays  from  the 
second  crystal  was  only  a  few  millimeters  per  minute.  As  there  was 
some  difficulty  in  this  method  of  eliminating  small  deflections  due  to 
stray  scattering,  a  set  of  readings  was  taken  with  the  second  crystal  in 
position  and  another  set  at  the  same  angles  with  the  second  crystal 
removed.  *  The  reading  with  the  second  crystal  removed  was  subtracted 
from  the  reading  with  the  second  crystal  in  position  for  each  angle  and 
the  difference  plotted  against  the  angle  of  the  ionization  chamber. 
In  this  way  the  effect  of  stray  scattering  was  eliminated. 

In  many  of  the  experiments,  especially  those  in  which  the  scattering 
at  large  angles  was  measured,  the  first  crystal  of  Fig.  i  was  removed, 
and  the  x-rays  fell  directly  upon  the  crystal  under  investigation.  Though 
this  single-crystal  method  employs  heterogeneous  x-rays,  it  was  necessary 
in  certain  cases  where  the  double-crystal  method  would  have  given  an 
intensity  too  small  for  accurate  measurement.  With  the  single-crystal 
method,  x-ray  tubes  with  molybdenum  and  tungsten  targets  were  used. 
In  the  case  of  the  molybdenum  tube  the  crystal,  either  rocksalt  or  calcite, 
was  placed  at  an  angle  to  reflect  the  molybdenum  Ka  line  in  the  first 
order.  With  the  tungsten  tube  the  crystal  was  set  to  reflect  only  the 
general  radiation,  but  was  operated  at  different  potentials,  70,  95  and 
1 10  kilovolts. 

The  aluminum  window  of  the  ionization  chamber  which  received  the 
scattered  x-rays  from  the  crystal  under  investigation  was  3  cm.  high  and 
1.5  cm.  wide.  The  distance  of  this  window  from  the  axis  of  the  spec- 
trometer was  14.3  cm.,  so  that  the  angle  subtended  by  the  window  at 
the  face  of  the  scattering  crystal  was  6®.  Using  the  two-crystal  method, 
when  both  crystals  were  set  to  reflect  the  molybdenum  K.  line  and  the 
ionization  chamber  was  placed  so  as  to  receive  the  regularly  reflected 
beam  from  the  second  crystal,  it  was  found  that  by  rotating  the  second 
crystal  through  about  30'  on  either  side  of  the  maximum  the  intensity 
of  the  reflected  line  fell  to  half  value,  so  that  the  angular  width  of  the 
beam  incident  on  the  second  crystal  can  be  taken  at  approximately  i®. 
With  the  single  crystal  method,  beams  of  angular  widths  3®,  45'  and  15' 
were  used. 

Experimental  Results. 

Double-Crystal  Method. — ^The  scattering  curves  obtained  with  rocksalt 
as  the  second  crystal  when  set  to  reflect  the  molybdenum  Ka  line  in 
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the  first  and  second  orders  are  shown  as  Curves  a  and  b  respectively  of 
Fig.  2.     Curve  c  is  a  similar  curve  for  calcite  when  set  to  reflect  the  line 
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in  the  first  order.  Supplementary  experiments  showed  that  the  beam 
incident  upon  the  second  crystal  contained  no  appreciable  x-rays  of 
wave-length  differing  considerably  from  the  Ka  line.  It  will  be  noted 
that,  even  with  the  wide  slits  which  were  used,  the  intensity  of  the 
diffusely  scattered  radiation  is  only  a  fraction  of  i  per  cent,  as  great  as 
the  intensity  of  the  first  order  reflection.  In  the  case  of  calcite  there  is 
distinct  evidence  of  a  line  reflected  into  the  ionization  chamber  at  79®, 
though  the  crystal  face  is  at  a  glancing  angle  of  6®  45'  with  the  incident 
beam. 

It  seemed  possible  that  the  intensity  of  the  x-rays  scattered  by  a 
crystal  in  a  certain  direction  ^  might  be  altered  if  the  second  crystal  were 
turned  out  of  the  position  in  which  it  regularly  reflected  the  molybdenum 
Ka  line.  It  is  known  that  the  absorption  coefficient  of  homogeneous 
x-rays  in  a  crystal  is  increased  when  the  rays  are  incident  at  the  proper 
angle.  Due  to  this  increase  of  absorption  coefficient  the  x-rays  incident 
on  the  crystal  will  not  penetrate  so  far  into  the  crystal,  and  there  should 
be  less  scattering.  The  chamber  was  accordingly  set  at  an  angle  of  65^ 
while  the  rocksalt  crystal  was  set  at  various  angles  between  6**  20'  and 
II**  20'.     Fig.  3  shows  the  curve  obtained.     It  will  be  seen  that  there  is. 
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no  evidence  of  a  minimum  at  7^  20', 


the  angle  at  which  the  K.  line  is 
reflected.  The  explanation  of  this  is  probably  that  the  beam  incident 
on  the  second  crystal  has  a  considerable  angular  width.  It  is  only  those 
rays  which  strike  the  crystal  at  the  correct  angle  whose  absorption 
coefficient  is  increased.     With  a  wide  beam  such  as  used  in  these  experi- 
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ments  only  a  small  fraction  of  the  incident  beam  suffers  this  extra 
absorption. 

The  ratio  of  the  intensity  of  the  x-rays  scattered  at  90**  to  the  energy 
of  the  beam  of  x-rays  incident  upon  the  second  crystal  is  of  considerable 
theoretical  importance.  The  ratio  is  so  small  that  it  was  necessary  to 
obtain  first  the  ratio  of  the  intensity  of  the  diffusely  scattered  x-rays  to 
the  energy  of  the  regularly  reflected  rays  when  the  crystal  was  set  to 
reflect  the  molybdenum  K^  line  in  the  fir§t  order.  The  current  through 
the  x-ray  tube  was  then  greatly  reduced,  and  the  ratio  of  the  deflection 
due  to  the  regular  reflection  to  that  when  the  incident  rays  entered 
directly  into  the  ionization  chamber  was  obtained.  The  product  of  these 
ratios  gives  the  ratio  of  the  intensity  of  the  x-rays  scattered  at  90®  to 
the  energy  of  the  primary  rays.  The  results  are  shown  in  the  fourth 
column  of  Table  I.  Because  of  the  small  deflections  given  by  the 
scattered  x-rays  these  ratios  are  only  approximate. 

Single-Crystal  Method. — ^When  the  direct  radiation  from  the  molyb- 
denum tube  fell  upon  a  crystal  of  rocksalt,  Curve  a,  Fig.  4,  is  obtained. 
In  addition  to  the  general  scattering  there  appears  a  regularly  reflected 
beam  at  51®,  though  the  crystal  face  makes  an  angle  of  7®  20'  with  the 
primary  beam,  the  angular  width  of  which  was  45'.  The  corresponding 
curve  for  calcite  is  shown  in  Curve  6,  Fig.  4.  In  this  case  the  angular 
width  of  the  primary  beam  was  3®.  With  the  calcite  crystal  there  are 
regularly  reflected  beams  at  28®,  38®  and  79®.  The  line  at  79**  was 
previously  noticed  in  Curve  c,  Fig.  2.    These  curves  for  rocksalt  and 
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calcite  are  drawn  to  have  equal  ordinates  at  90®  and  are  typical  of  all 
the  curves  obtained.    There  is  scattering  at  all  angles,  but  superimposed 


Table  I. 
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on  the  general  scattering  there  is  regular  reflection  at  particular  angles 
when  the  crystal  is  set  at  a  certain  angle. 

An  absorption  experiment  showed  that  the  rays  causing  the  large 
deflection  at  38®  with  caldte  are  the  molybdenum  Ka  rays.  The  humps 
at  both  38®  and  79®  disappear  if  the  orientation  of  the  crystal  is  slightly 
changed,  showing  that  these  are  undoubtedly  regular  reflections.  There 
is  however  no  such  evidence  of  regular  reflection  at  angles  where  no 
humps  appear  on  the  curve. 

The  Curves  c  and  d  of  Fig.  4  were  obtained  when  plates  of  glass  and 
aluminum  respectively  were  used  in  place  of  the  crystal,  the  glancing 
angle  for  glass  and  aluminum  being  8®.  Otherwise  these  curves  were 
obtained  under  the  same  conditions  as  the  curves  for  the  crystals.  In 
addition  to  the  general  scattering,  the  curve  for  the  aluminum  shows 
evidence  of  regular  reflection  at  19®.  This  is  due  to  the  fact  that  alumi- 
num is  not  amorphous  but  an  agglomeration  of  minute  crystals,  and  a 
powdered  crystal  effect  is  obtained. 

A  variation  in  the  experiment  with  calcite  was  made  by  setting  the 
chamber  at  an  angle  of  56®  and  turning  the  crystal  from  5**  to  56®.  The 
curve  so  obtained  is  shown  in  Curve  i.  Fig.  5.     Regularly  reflected 


2,0  40  60  *0 

CRYSTAL    ANGLE-  DEGREES 

Fig.  5. 


beams  are  obtained  when  the  crystal  is  at  13®  and  28®.     The  slope  of  the 

portion  AB  of  the  curve  is  due  to  the  fact  that  at  small  angles  of  the 

crystal  part  of  the  primary  x-rays  pass  by  the  crystal  without  striking  it. 

Using  a  tungsten  tube,  Curves  a,  b  and  c  of  Fig.  6  were  obtained,  the 
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crystal  angle jn  each  case  being  5®.  These  curves  are  reduced  to  the  same 
ordinate  at  90®.  Curve  a  is  for  calcite  with  the  tube  operated  at  a 
potential  of  70  kilovolts,  while  the  potential  for  Curve  b  was  no  kilovolts. 


^ 
^ 

) 

1 

/ 

V 

'"^l 

/ 

\ 

4 

/ 
^ 

^^ 

i 

0 

CURVED -CALCITE 

•  z 

11 

z  ^ 
0 

'.^U 

0 

UJ 

-J  1 

i 

^^ 

^^ 

Ui 

./ 

CURVE  b-ROCKSALT 

3 

■T 

« 

7. 

i\ 

/' 

k 

V 

1 

1 

^ 

^ 

0 

CURVE  a.-ROCKSM.T 

CH/ 

6 

R   AN 

6 
CLE 

6 

-  DE 

QREC 

7^ 

) 

Fig.  6. 

Regular  reflection  appears  at  34"^  and  40**  in  each  case,  but  with  the  greater 
potential  the  intensity  of  the  general  scattering  is  relatively  much 
stronger.  The  angular  width  of  the  primary  beam  was  15'.  Curves 
a  and  c  of  Fig.  5  were  obtained  by  setting  the  chamber  at  94®  and  40° 
respectively  and  turning  the  crystal. 

The  quality  of  the  radiation  diffusely  scattered  by  calcite  was  tested 
by  placing  an  aluminum  absorbing  screen  alternatively  in  the  path  of 
the  primary  and  of  the  scattered  beam.  It  was  found  that  the  scattered 
rays  were  somewhat  more  readily  absorbed  than  the  primary  rays  which 
produced  them.  This  result  is  in  accord  with  the  scattering  measure- 
ments made  by  others  on  non-crystalline  substances.^ 

The  ratio  of  the  intensity  of  the  x-rays  scattered  at  90**  to  the  energy 
of  the  primary  rays  was  measured  by  a  method  similar  to  that  for  the 
homogeneous  x-rays.  The  results  are  shown  in  the  fourth  column  of 
Table  I.  The  calcite  and  rocksalt  crystals  were  set  at  5®  while  the 
aluminum  plate  was  set  at  8®. 

>Cf.  Sadler  and  Mesham,  Phil.  Mag.,  Vol.  24  (1912),  pp.  138-149;  A.  H.  Compton, 
Nature,  Vol.  108  (192 1),  p.  366;  et  al. 
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Discussion  of  Results  and  Calculations. 

The  scattering  curves  show  that  crystals  scatter  x-rays  in  a  manner 
similar  to  amorphous  substances,  but  that  in  addition  to  this  general 
scattering  there  are  regularly  reflected  beams  in  certain  directions  with 
the  crystal  set  at  a  given  angle.  Not  all  of  these  humps  are  due  to  spec- 
trum lines,  although  some  of  them  are.  For  instance  the  hump  at  38® 
in  Curve  b,  Fig.  4  was  shown  to  be  due  to  the  molybdenum  K©  line. 
In  other  cases,  however,  reflection  is  obtained  from  some  plane  in  the 
crystal  which  will  reflect  a  certain  wave-length  X  of  the  general  radiation 
falling  upon  the  crystal  according  to  the  equation  nX  =  2d  sin  6. 

It  might  be  supposed  that  the  intensity  scattered  by  a  crystal  molecule 
in  a  certain  direction  ^  with  the  primary  x-rays  might  depend  upon  the 
orientation  of  the  molecule  with  respect  to  the  primary  rays.  In  other 
words,  if  the  ionization  chamber  is  set  at  an  angle  ^  and  the  crystal 
turned  there  might  be  a  difference  in  the  molecular  scattering  in  the 
direction  <l>  as  the  crystal  is  turned.  Curves  for  this  case  have  been 
obtained  in  Fig.  5.  Those  curves  are  of  course  for  the  scattered  radiation 
which  gets  out  of  the  crystal.  Let  us  suppose  that  the  linear  scattering 
coefficient  of  the  crystal  for  a  direction  0  is  s^  irrespective  of  the  orienta- 
tion of  the  crystal  relative  to  the  primary  beam.  It  can  be  shown  that, 
if  the  linear  absorption  coefficient  of  the  primary  x-rays  in  the  crystal  is 
k  (the  slight  difference  between  k  for  the  primary  and  for  the  scattered 
rays  being  neglected),  the  intensity  of  the  scattered  x-rays  leaving  a  thick 
crystal  in  a  direction  <t>  is 

.  X  u[o^         sin  (<l>  -  e) 

k    '  s\n(<l>  -  e)  +  sin^  * 

where  /o  is  the  energy  of  the  primary  x-rays  and  $  is  the  glancing  angle 
of  the  primary  rays  upon  the  crystal  face.  If  0  is  kept  constant, 
formula  (i)  may  be  written  in  the  form 

/  \  ^     ^  v^        sin  (0  —  6) 

(2)  constant  X 


sin  {<l>  —  6)  +  sin  6 


The  broken  curves  in  Fig.  5  are  obtained  by  plotting  values  of  (2)  against 
^  for  ^  =  90®,  56**  and  40®  respectively,  the  appropriate  value  of  the 
constant  being  taken  in  each  case.  It  is  seen  that  the  experimental 
curves  correspond  with  the  theoretical  curves  excepting  for  the  humps 
due  to  regular  reflection.  The  result  implies  that  the  intensity  of  the 
rays  scattered  by  a  crystal  molecule  in  a  given  direction  ^  does  not  de- 
pend upon  the  orientation  of  the  crystal,  and  that  therefore  the  atoms 
of  the  crystal  are  nearly  isotropic. 
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The  scattering  curves  should  be  corrected  for  absorption  in  the  crystal 
in  order  to  give  the  true  molecular  scattering  in  various  directions.  If 
each  of  the  ordinates  of  each  of  the  experimental  scattering  curves  is 
divided  by  formula  (2),   the  true  scattering  curves  shown  in  Fig.  7  are 
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obtained,  the  humps  due  to  regular  reflection  being  omitted.  These 
curves  are  drawn  so  as  to  have  the  same  ordinate  at  90**.  Curves  a,  6, 
c  and  d  are  for  heterogeneous  x-rays  from  a  molybdenum  tube,  while 
Curves  t,  f  and  g  are  for  heterogeneous  x-rays  from  a  tungsten  tube.  It 
is  seen  that  the  curves  are  practically  identical  for  the  range  <t>  =  50**  to 
^  =  150**.  In  this  range  the  crystal  curves  (a,  6,  e,  f  and  g)  coincide 
with  the  curves  for  aluminum  and  glass  (c  and  d).  Below  50®  the  crystal 
curves  all  fall  below  the  aluminum  and  glass  curves.  The  crystal  curves 
all  reach  a  maximum  between  15**  and  30***  The  curves  for  caldte  and 
rocksalt,  when  the  primary  rays  are  homogeneous  molybdenum  K.  rays, 
are  not  shown  but  have  the  same  general  characteristics  as  the  curves 
shown.  Curves  e  and  /  are  for  the  same  caldte  crystal  and  for  the  same 
tungsten  tube,  the  only  difference  bdng  that  the  potential  for  Curve  e  is 
70  kilovolts  while  that  for  Curve/  is  1 10  kilovolts.  It  appears  as  though 
the  maximum  is  shifted  to  the  smaller  angles  for  the  shorter  wave-lengths. 
It  would  be  interesting  to  examine  the  shape  of  the  scattering  curves 
for  small  angles.  It  is  known  that  the  scattering  curves  for  amorphous 
substances  slope  down  towards  zero  for  small  angles,  but  the  maximum 
occurs  at  much  smaller  angles  than  do  the  maxima  for  crystals  in  the 
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present  experiments.  For  instance  Curve  c  which  is  for  glass  does  not 
show  a  maximum  above  ii**  whereas  calcite  Curve  b  shows  a  maximum 
at  25**  even  though  both  curves  are  for  a  molybdenum  tube  operated 
at  a  potential  of  70  kilovolts.  The  experimental  difficulties  when  working 
at  small  angles  necessitate  the  abandonment  of  this  inquiry  at  this  time. 
According  to  Debye^  the  intensity  of  the  x-rays  scattered  in  a  direction 
^  from  a  crystal  should  be  equal  to  that  from  an  amorphous  substance 
multiplied  by  (i  —  «"^),  where 


z 


when  there  is  no  zero-point  energy  and 


Jl/  = 


0.569  X  10 


i4ex» 


-XC-cos*>x[^+i] 


when  there  is  a  zero-point  energy.  In  these  z  is  the  ratio  of  the  char- 
acteristic temperature  9  of  the  crystal  to  its  experimental  temperature, 
A  its  atomic  weight,  X  the  wave-length  of  the  incident  homogeneous 
x-rays,  and  F(z)  is  a  function  of  z  which  Debye  evaluates.  The  value 
of  the  factor  (i  —  e'^)  has  been  found  for  both  clacite  and  rocksalt 
when  the  incident  wave-length  is  0.717  A.  U.,  which  is  the  wave-length 
of  the  molybdenum  K.  line,'  and  the  room  temperature  is  290**  K. 
A.  H.  Compton'  gives  the  characteristic  temperatures  of  calcite  and 
rocksalt  as  910**  K.  and  260**  K.  respectively.  The  atomic  weight  of 
calcite  is  taken  as  the  average  atomic  weight,  viz.,  20.  The  value  of 
(i  —  e~^)  for  a  certain  value  of  4>  is  divided  by  the  value  for  ^  =  90**. 
The  curve  obtained  is  shown  as  Curve  a,  Fig.  8.     There  are  two  possible 


"20  to  to  5o 

SCATTERING  ANGLE  -  DECREES 

Fig.  8. 
» Loc.  cit. 

*  Kaye  and  Laby,  Physical  and  Chemical  Constants,  4th  Ed.,  p.  99. 
•A.  H.  Compton,  Phys.  Rev.,  Second  Series,  Vol.  9  (1917),  p.  47. 
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curves,  one  for  the  case  where  there  is  no  zero-point  energy  and  the  other 
for  the  case  where  there  is  a  zero-point  energy.  The  two  curves,  however, 
are  very  close  together  and  the  mean  curve  is  the  one  shown.  If  each 
ordinate  of  Curve  c,  Fig.  7,  which  is  for  glass,  is  multiplied  by  the  corre- 
sponding ordinate  of  Curve  a,  Fig.  8,  the  theoretical  scattering  curve  for 
a  crystal  of  calcite  is  obtained.  This  is  shown  as  Curve  c.  Fig.  8.  Curves 
b  and  d.  Fig.  8,  are  the  curves  for  rocksalt,  the  average  atomic  weight  of 
rocksalt  being  taken  as  29.  It  will  be  seen  that  Curve  d  which  is  the 
theoretical  scattering  curve  for  rocksalt  coincides  fairly  well  with  the 
experimental  curve  for  the  range  90**  to  60®,  but  below  60**  there  Is  a  great 
discrepancy  between  the  theoretical  and  experimental  curves.  In  the 
case  of  calcite  the  curves  do  not  coincide  at  any  place. 

According  to  J.  J.  Thomson^  the  intensity  of  x-rays  falling  on  i  cm.' 
at  a  distance  R  from  the  scattering  substance  is 

,  .                                       Ne*       I  +  cos^ »     ., 
^^^  ^^^  • ^—  •  ^^«' 

where  p  is  the  number  of  electrons  per  atom  (or  molecule),  N  is  the  num- 
ber of  atoms  (or  molecules)  per  unit  volume  and  Iq  is  the  energy  of  the 
primary  rays.  This  is  also  the  formula  obtained  by  Debye*  for  the  case 
of  an  amorphous  scattering  substance  when  the  wave-length  of  the  x-rays 
is  small  compared  with  the  radius  of  the  atomic  electron  ring.  If  it  is 
assumed  that  the  absorption  coefficient  of  the  scattered  x-rays  is  equal 
to  that  of  the  primary  x-rays,  then  the  total  intensity  of  the  rays  entering 
the  ionization  chamber  from  a  thick  crystal  when  the  crystal  angle  is  6 
and  the  chamber  angle  is  90**  can  be  shown  to  be 

where  5  is  the  area  of  the  window  of  the  ionization  chamber  and  k  is 
the  linear  absorption  coefficient  of  the  x-rays  in  the  crystal.  Knowing 
the  experimental  value  of  /90//0  and  the  value  of  fe,  p  the  number  of 
electrons  in  the  atom  (or  molecule)  of  the  scattering  crystal  can  be 
found.  The  linear  absorption  coefficients  of  molybdenum  K^  rays  in 
rocksalt  and  calcite  were  not  found  directly  but  were  calculated  from 
the  known  coefficient  for  aluminum  using  the  law  that  the  atomic 
absorption  of  an  element  varies  as  the  fourth  power  of  the  atomic  number 
of  the  element.  The  absorption  coefficients  for  heterogeneous  x-rays 
were  measured  directly.     There  is  considerable  doubt  of  the  coefficients 

*  J.  J.  Thomson,  Conduction  of  Electricity  through  Gases,  2d  Ed.,  p.  325. 

*  Loc.  cit. 
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for  heterogeneous  rays  as  they  depend  upon  the  thickness  of  crystal  used. 
It  is  seen  that  the  numbers  of  electrons  per  molecule  are  of  the  right 
order  of  magnitude,  the  true  values  for  rocksalt  and  calcite  being  28  and 
50  respectively.  According  to  Debye's  theory  of  crystal  scattering  the 
factor  (i  ~  e~^)  should  enter  into  the  intensity  scattered.  The  absolute 
value  of  the  factor  for  scattering  at  90**  from  calcite  for  a  wave-length  of 
0.717  A.  U.  (molybdenum  K,  line)  is  0.092  for  no  zero-point  energy  and 
0.227  for  zero-point  energy,  that  is,  the  intensity  scattered  at  90**  by  a 
crystal  of  calcite  should  be  either  about  one  tenth  or  one  fifth  of  that 
scattered  by  an  amorphous  substance  of  equal  molecular  weight.  The 
fact  that  p  comes  out  of  the  right  order  of  magnitude  and  not  one  tenth 
or  one  fifth  of  the  correct  value  shows  that  Debye's  theory  falls  far  short 
of  explaining  the  experimental  facts  for  calcite.  For  rocksalt  the  value 
of  (i  —  e~^)  for  scattering  at  90**  and  for  a  wave-length  0.717  A.  U.  is 
0.73  for  no  zero-point  energy  and  0.82  for  zero-point  energy,  the  two 
experimental  values  for  rocksalt  being  0.56  and  1.06.  Hence  in  the 
case  of  rocksalt  the  theory  as  far  as  the  scattering  at  90**  is  concerned 
is  not  opposed  to  the  facts. 

The  discrepancy  between  Debye's  theory  of  scattering  and  the  ob- 
served results  in  the  case  of  rocksalt  is  remarkable  because  in  another 
direction  Debye's  theory  has  received  confirmation.  According  to  Debye 
the  energy  of  a  regularly  reflected  line  should  be  proportional  amongst 
other  things  to  e~^.  This  was  tested  by  W.  H.  Bragg*  in  an  experiment 
where  he  heated  a  crystal  of  rocksalt  and  observed  the  energy  of  the 
rhodium  line  as  reflected  by  the  crystal  (i)  when  the  crystal  was  at  a 
temperature  of  288**  K.,  and  (2)  when  the  crystal  was  at  643**  K.  The 
observed  ratio  of  the  energies  was  equal  to  the  ratio  as  calculated  from 
the  theory.  This  might  not  have  been  so  remarkable  if  the  glancing 
angle  in  Bragg's  experiment  had  been  above  30**,  making  the  chamber 
angle  above  60**,  as  it  is  between  60**  and  90**  in  my  experiments  that  the 
scattering  curve  of  rocksalt  as  found  experimentally  agrees  to  some 
extent  with  that  indicated  by  the  theory.  However  Bragg's  experiments 
were  done  at  glancing  angles  between  12**  and  13**  30'  in  the  case  of  second 
order  reflection  and  between  18**  30'  and  20**  in  the  case  of  the  third  order 
reflection.  In  the  former  case  the  chamber  angle  is  between  24**  and  27** 
while  in  the  latter  case  the  chamber  angle  is  between  37**  and  40**.  This 
is  just  the  range  where  there  is  very  great  discrepancy  between  Debye's 
theory  as  applied  to  scattering  from  crystals  and  the  experimental  results 
of  this  present  paper.  For  this  reason  it  is  a  matter  of  great  interest  to 
test  the  temperature  effect  on  the  intensity  of  x-rays  scattered  by  a 
crystal.     This  investigation  however  will  be  left  for  another  paper. 

>  W.  H.  Bragg.  Phil.  Mag.,  Vol.  27  (1914).  PP-  881-899- 
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From  the  true  scattering  curves  of  Fig.  7  it  is  possible  to  calculate  the 
ratio  between  the  energy  of  the  regulariy  reflected  beam  at  ^  =  2^  to 
the  total  energy  .scattered.  The  energy  scattered  between  the  two 
cones  of  semi-angles  <t>  —  (50/2)  and  ^  +  (50/2)  is  given  by 


(3) 


2irF^  sin  0  ( 


where  y  is  the  ordinate  of  one  of  the  curves  in  Fig.  7  for  a  particular  value 
of  0,  R  is  the  distance  of  the  window  of  the  ionization  chamber  from  the 
crystal,  and  5  is  the  area  of  the  window,  and  50  is  6**.  Values  of  (3)  are 
calculated  for  each  interval  of  6**  and  these  added  for  the  range  0  =  0i, 
and  0  =  02,  thus  giving  the  total  intensity  of  true  scattering  between  the 
two  cones  whose  semi-angles  are  0i  and  02.  The  results  for  calcite  are 
shown  in  Table  II.  The  ratio  is  calculated  for  homogeneous  x-rays  on 
the  assumptions  that  the  absorption  coefficient  in  the  crystal  is  the  same 
when  the  crystal  is  in  a  reflecting  position  as  when  it  is  thrown  out  of  this 
position,  and  also  that  the  absorption  coefficient  of  the  scattered  x-rays 
is  equal  to  that  of  the  primary  x-rays.  The  ratio  is  therefore  only  an 
approximation. .  When  the  ratio  is  calculated  for  heterogeneous  radiation 
consisting  of  the  molybdenum  K.  line  plus  general  radiation  a  difficulty 
arises  in  that  the  absorption  coefficient  of  the  regularly  reflected  line  is 
quite  different  from  that  of  the  scattered  radiation.  In  the  case  of  the 
x-rays  coming  from  a  tube  with  a  molybdenum  target  the  mass  absorption 
coefficient  of  the  general  scattered  radiation  was  1.51  while  that  of  the 
molybdenum  K«  line  was  5.17.  A  different  value  of  k  in  formula  (i) 
must  be  used  for  the  line  from  that  for  the  general  scattered  radiation. 

Table  II. 

Proportion  of  X-Rays  Regularly  ReflecUd. 


Nature  of 

*i. 

^. 

Energy  of  Regularly  Reflected  X-Rays. 

X-Rays. 

Energy  of  Scattered  Radiation 

Homogeneous  Mo  K.  line 

Heterogeneous  Mo  K«  line  plus 
General  Radiation 

14** 
IS** 

93^ 
153'* 

2.85 
0.66 

CalciU  Crystal  Set  for  First  Order  RefUaion  of  Mo  Ka  Line, 

There  is  also  scattering  of  the  homogeneous  x-rays  in  the  ranges  o® 
to  14**  and  93®  to  180®.  The  scattering  throughout  the  whole  range  o® 
to  180^  is  about  double  of  that  in  the  range  14°  to  93**.  The  energy  of 
the  regularly  reflected  line  is  therefore  about  1.43  times  that  of  the 
total  scattering.     This  is  for  the  case  where  the  angular  width  of  the 
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primary  beam  is  about  i**.  For  heterogeneous  x-rays  the  proportion 
reflected  is  much  less,  being  0.66  of  the  amount  scattered  in  the  range  15** 
to  153**.  Taking  the  whole  range  o**  to  180®,  the  energy  reflected  in  the 
line  is  about  one  half  of  the  total  energy  scattered.  This  is  for  an 
angular  width  of  the  primary  beam  equal  to  45'.  For  higher  orders  of 
reflection  these  ratios  are  much  smaller  and  are  smaller  still  for  the  case 
where  the  crystal  is  not  set  to  reflect  a  line  but  general  radiation.  The 
total  energy  scattered  from  a  crystal  is  less  than  that  scattered  from 
glass.  Comparing  calcite  and  glass  using  a  molybdenum  tube  and 
interpolating  Curves  b  and  c  of  Fig.  7  for  the  angles  o**  to  15**,  the  ratio  of 
the  total  energy  scattered  by  the  crystal  to  that  scattered  by  the  glass 
for  the  range  o®  to  150®  is  0.85.  It  was  thought  that  the  regular  reflection 
from  a  crystal  might  take  place  at  the  expense  of  the  general  scattering 
and  that  the  difference  between  the  energy  scattered  by  glass  and  by  a 
crystal  might  be  equal  to  the  energy  of  the  regularly  reflected  radiation. 
This  however  is  not  the  case. 

Summary. 

The  scattering  of  x-rays  by  the  crystals  calcite  and  rocksalt  has  been 
examined  and  the  following  results  found : 

1.  The  scattering  curves  for  rocksalt  and  calcite  are  of  the  same 
shape  as  the  curves  for  the  amorphous  substances  glass  and  aluminum 
for  the  range  50®  to  150**  with  the  direction  of  the  primary  rays.  The 
minimum  of  all  the  curves  occurs  at  about  100**. 

2.  For  scattering  angles  below  50®  the  crystal  curves  fall  below  those 
for  the  amorphous  substances.  The  crystal  curves  reach  a  maximum 
between  15®  and  30**,  the  position  of  the  maximum  being  at  smaller 
angles  for  smaller  wave-lengths.  The  maximum  in  the  case  of  amorphous 
substances  occurs  at  much  smaller  angles  than  in  the  case  of  the  crystals. 

3.  From  the  ratio  of  the  intensity  of  the  x-rays  scattered  at  90®  to 
the  energy  of  the  primary  rays  the  number  of  electrons  per  molecule  of 
each  crystal  has  been  calculated  by  means  of  Thomson's  formula.  The 
numbers  as  calculated  are  of  the  right  order  of  magnitude. 

4.  The  x-rays  scattered  from  crystals  are  softer  than  the  primary 
x-rays,  in  this  way  resembling  the  x-rays  scattered  from  amorphous 
substances. 

5.  A  comparison  between  the  experimental  results  and  the  theory  of 
crystal  scattering  as  developed  by  Debye  has  been  made.  It  is  shown 
that  Debye's  theory  falls  far  short  of  explaining  the  observed  facts. 
In  the  case  of  rocksalt  there  is  fair  agreement  between  the  intensity 
scattered  at  90**  and  that  predicted  by  Debye,  but  at  angles  below  60® 
the  difference  between   theory  and   experiment  becomes  great.     For 
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calcite  there  is  no  agreement  whatever  between  theory  and  experiment. 
This  may  be  due  to  the  fact  that  CaCOa  is  a  more  complicated  molecule 
than  NaCl. 

6.  In  addition  to  the  general  scattering  at  all  angles  from  a  crystal, 
there  appear  Laue  spots  at  particular  angles. 

7.  The  energy  of  x-rays  scattered  by  a  crystal  in  all  directions  is  an 
appreciable  fraction  of  the  energy  of  a  regularly  reflected  line. 

8.  The  intensity  of  x-rays  scattered  in  a  certain  direction  is  independent 
of  the  orientation  of  the  crystal  which  suggests  that  the  atoms  are  nearly 
isotropic. 

9.  The  total  scattering  was  not  appreciably  changed  by  turning  the 
crystal  from  a  position  where  a  spectrum  line  was  regularly  reflected  to 
a  position  where  the  line  was  not  reflected. 

In  conclusion  the  author  wishes  to  express  his  thanks  to  Professor 
A.  H.  Compton  for  his  interest  and  aid  in  the  preparation  of  this  paper. 

Washington  University, 
St.  Louis,  Mo., 
June  8,  1922. 
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THE  EFFECT  OF  TEMPERATURE  ON  THE  SCATTERING  OF 
X-RAYS  BY   CRYSTALS. 

By  G.  E.  M.  Jauncby. 

Synopsis. 

Variation  of  the  Scattering  ofX-Rays  by  Rocksalt  and  Cakite  with  Temperature. — 
Using  x-rays  from  the  W  target  of  a  Coolidge  tube  operated  at  95  kv..  the  ratio  of 
the  radiation  scattered  from  a  crystal  at  aps**  C.  to  that  scattered  at  the  same  angle 
from  the  crystal  at  17®  C.  was  found  to  be:  1.33  and  1.18  dt  .10  for  rocksalt  and 
angles  of  15®  and  30®  respectively,  and  0.99  and  1.03  ±  .04  for  calcite  and  angles  of 
30**  and  73®  respectively.  Thus  there  is  a  marked  effect  for  rocksalt  but  apparently 
none  for  calcite,  which  seems  to  scatter  x-rays  like  an  amorphous  substance.  Com^ 
parison  with  the  Dehye  theory  shows  that  even  for  rocksalt  the  effect  is  considerably 
smaller  than  that  theoretically  predicted,  whether  zero-point  energy  is  assumed 
or  not,  while  for  calcite  the  disagreement  is  marked. 

DEBYE  *  has  developed  a  theory  of  the  scattering  of  x-rays  in  which 
he  predicts  that  the  intensity  of  the  x-rays  scattered  in  a  direction 
4>  with  the  primary  rays  should  be  proportional  to  (i  —  «~^f  where 

i46X*  z 

for  no  zero-point  energy,  and 

for  zero-point  energy.  In  these  expressions,  X  is  the  wave-length  of  the 
x-rays,  A  the  atomic  weight,  0  the  characteristic  temperature  of  the 
crystal,  z  the  ratio  of  the  characteristic  temperature  of  the  crystal  to  its 
experimental  temperature,  and  F{z)  is  a  function  which  Debye  evaluates. 
As  shown  by  the  author  in  a  previous  paper,*  Debye's  theory  falls  far 
short  of  explaining  the  scattering  curves  for  the  crystals  calcite  and 
rocksalt  obtained  experimentally  and  it  is  therefore  of  interest  to  deter- 
mine how  the  temperature  affects  the  intensity  of  the  x-rays  scattered 
in  a  certain  direction  0. 

The  crystal  to  be  investigated  was  placed  with  its  (100)  face  on  the 
axis  of  a  Bragg  spectrometer  as  in  the  single  crystal  method  described  in 
the  previous  paper.     In  the  present  experiment,  however,  the  crystal 

>  p.  Debye.  Ann.  der  Phys.,  Band  43  (1914),  pp.  47-95. 

*  G.  E.  M.  Jauncey  elsewhere  in  this  issue  of  the  Phys.  Rev. 
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was  surrounded  by  a  heating  box,  supplied  with  mica  windows.  The 
x-rays  from  a  Coolidge  tube  with  a  tungsten  target,  which  was  operated 
at  a  potential  of  95  kilovolts  in  most  cases  and  at  a  potential  of  70  kilo- 
volts  in  one  case,  passed  through  the  mica  windows.  The  crystal  face 
was  set  at  an  angle  0,  and  the  ionization  chamber  at  an  angle  ^,  with 
the  primary  rays,  care  being  taken  that  only  diffusely  scattered  rays  and 
no  regularly  reflected  rays  entered  the  chamber.  A  set  of  10  readings 
was  taken  at  the  room  temperature,  which  was  290®  K.,  a  second  set  was 
taken  at  a  temperature  of  568°  K.,  and  a  third  set  when  the  crystal  had 
cooled  to  room  temperature  again.  The  average  of  the  second  set  was 
divided  by  the  average  of  the  first  and  third  sets.  The  results  are  shown 
in  the  third  column  of  Table  I.  The  temperature  was  measured  with  a 
mercury-in-glass  thermometer.  In  order  to  be  sure  that  the  crystal 
was  at  the  temperature  of  the  thermometer,  the  readings  at  the  high 
temperature  were  not  taken  until  one  hour  after  the  thermohieter  first 
registered  568**  K.  The  change  of  the  sensitivity  of  the  electrometer 
during  this  time  was  measured  and  allowed  for. 

Table  I. 

Scattered  Intensity  at  568**  K. 


Scattered  Intensity  at  290**  K. 


Scatterinc 
Angle. 

Bzoerimentel 
Value. 

ThMretical  Value. 

Crystal 

No  Zero-                    Zero- 
Point  Bnercr.          Point  Bnergj. 

Rocksalt* 

15° 
30° 
30° 
73° 
73° 

1.33 
1.18 
0.99 
1.03 
1.03 

1.87 
1.37 
2.64 

1.65 

Rocksalt  * 

1.26 

Calcite* 

1.56 

Calcite^ 

2.03           '           1.25 

Calcite* 

2.23                      1-29 

The  theoretical  values  are  calculated  from  Debye's  formula.  These 
are  shown  in  the  fourth  and  fifth  columns  of  Table  I.  The  mass  absorp- 
tion coefficient  of  the  x-rays  in  aluminum  was  measured,  the  mean  of  the 
coefficients  when  the  aluminum  was  placed  in  the  primary  and  when 
it  was  placed  in  the  scattered  beam  being  taken.  From  the  relation 
between  the  absorption  coefficient  and  the  wave-length  given  by  Hewlett,' 
the  effective  wave-length  of  the  scattered  x-rays  was  found.  The  average 
atomic  weight  of  CaCOj  was  taken  as  20  and  that  of  NaCl  as  29.  The 
characteristic  temperatures  of  calcite  and  rocksalt*  are  910°  K.  and  260^  K. 

»  Wave-length  0.28  A.  U 

*  Wave-length  0.36  A.  U. 

*  C.  W.  Hewlett,  Phys.  Rev.,  Second  Series,  Vol.  17  (1921),  pp.  284-301. 
*A.  H.  Compton,  Phys.  Rev..  Second  Series,  Vol.  9  (1917).  P-  47- 
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It  will  be  seen  that  rocksalt  shows  a  temperature  effect,  but  not  so 
large  as  that  predicted  by  Debye  on  the  assumption  of  either  no  zero- 
point  energy  or  zero-point  energy.  Caldte  on  the  other  hand  shows 
practically  no  temperature  effect.  The  ratios  in  the  third  column  are 
correct  to  8  per  cent,  in  the  case  of  rocksalt  and  to  4  per  cent,  in  the  case 
of  calcite.  It  might  be  argued  that  one  is  not  justified  in  taking  20  as 
the  average  atomic  weight  of  calcite  as  the  atomic  weights  vary  from  12 
to  40.  The  ratio  for  zero-point  energy  for  a  wave-length  of  0.28  A.  U. 
and  scattering  angle  73®  has  been  calculated  to  be  1.12  for  an  atomic 
weight  of  12  and  1.45  for  an  atomic  weight  of  40.  The  experimental 
value  is  still  much  less  than  the  smaller  of  these  two  values. 

These  results  are  in  accord  with  the  results  of  the  previous  paper. 
There  is  a  very  rough  agreement  between  Debye's  theory,  assuming  a 
zero-point  energy,  and  the  experimental  results  for  rocksalt,  but  there 
is  no  agreement  for  calcite.  Calcite  seems  to  act  very  similarly  to  an 
amorphous  substance  as  far  as  scattering  is  concerned.  This  seems  to 
indicate  that  the  electrons  in  the  calcite  molecule  which  cause  the 
scattering  act  more  or  less  independently  of  one  another. 

In  a  recent  theoretical  paper  by  Brillouin,^  doubt  is  thrown  upon  the 
validity  of  the  theory  of  Debye.  Brillouin  intimates  that  the  scattering 
from  crystals  may  be  unaffected  by  the  temperature. 

Washington  University, 
St.  Louis,  Mo., 
June  8,  1922. 

>  L.  Brillouin,  Ann.  de  Phys.,  Tome  17  (1922),  pp.  88-122. 
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THE  CRYSTAL  STRUCTURE  OF  SILVER-PALLADIUM   AND 
SILVER-GOLD    ALLOYS. 

By  L.  W.  McKeehan. 
Synopsis. 

Crystal  Struaure  of  Silver,  Gold  and  Palladium  and  of  Ag-Au  and  Ag-Pd  Alloys. 
— Thin  ribbons  of  the  pure  metala  and  of  seven  binary  alloys  of  each  series  were 
prepared  by  fusing  into  small  ingots  and  then  swaging,  drawing  and  rolling  to 
thicknesses  of  from  1/400  to  1/200  cm.  The  x-ray  diffraction  patterns  were  photo- 
graphed by  allowing  the  K-radiation  of  Mo  to  fall  for  8  to  30  hours  on  each  ribbon. 
It  was  found  that  all  these  metals  and  alloys  have  their  atoms  arranged  in  face- 
centered  cubic  lattices.  The  parameter  a  of  each  lattice,  the  edge  of  the  cube, 
has  the  values  4.08  X  10"*.  4.075  X  10"*  and  3.90  X  10"*  cm.  for  pure  Ag,  Au  and 
Pd  respectively.  For  the  Ag-Pd  series,  the  parameter  is  nearly  a  linear  function 
of  the  atomic  per  cent,  of  either  component  and  this  is  also  true  for  the  Ag-Au  series 
except  that  for  the  alloys  with  30.  40  and  60  per  cent.  Ag  the  values  of  a  came  out 
one  per  cent,  too  high.  These  results  are  for  the  most  homogeneous  and  isotropic 
condition  and  are  believed  to  be  correct  to  within  about  1/3  per  cent.  The  effect 
of  annealing  at  from  830  to  940®  C.  for  an  hour  or  more  in  vacuo  was  to  increase  the 
size  of  individual  crystals,  to  render  them  more  homogeneous  and  to  make  their 
orientations  more  isotropic.  The  effect  of  moderate  cold  working,  rolling,  pressing 
or  hammering  is  to  reduce  the  size  of  the  individual  crystals  and  to  make  them 
less  isotropic. 

Densities  of  crystals  of  silver,  gold  and  palladium,  computed  from  the  above 
results  of  X-ray  crystal  analysis  and  the  atomic  weights,  come  out  10.49,  1924 
and  11.87  respectively.  The  Ag  and  Au  were  pure  and  the  Pd  contained  only 
0.5  per  cent,  impurity. 

Introduction. 

A  STUDY  of  the  arrangement  of  atoms  in  alloys  which  are  solid 
solutions  of  the  components  may  throw  some  light  on  the  cause 
of  the  abnormally  high  resistivity  of  such  alloys.  This  report  covers 
somewhat  completely  the  crystal  structure  in  two  series  of  alloys,  those 
of  silver  with  gold  and  palladium,  which  are  particularly  interesting  in 
this  connection  because  silver  and  gold  both  possess  high  conductivity, 
whereas  the  conductivity  of  palladium  is  much  lower  than  that  of  silver. 
The  conductivity  of  the  alloys  is  not,  however,  treated  in  this  report. 

Preparation  of  Alloys. 
The  component  metals  were  all  purchased  from  Baker  and  Company, 
and  were  of  high  purity,  the  silver  and  gold  containing  less  than  o.oi 
per  cent,  of  impurities,  the  palladium  containing  about  1  per  cent.' of 
impurities,  chiefly  copper  and  noble  metals.  The  chemical  and  metal- 
lurgical processes  outlined  below  were  conducted  by  Mr.  J.  E.  Harris 
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and  Mr.  H.  T.  Reeve,  both  of  this  laboratory,  who  have  had  extensive 
experience  in  the  preparation  of  alloys  of  known  composition  and  excep- 
tional homogeneity.  All  three  metals  were  repurified  chemically  and 
obtained  in  finely  divided  form,  the  principal  effect  of  these  processes 
upon  their  purity  being  that  the  palladium  finally  contained  less  than 
0.5  per  cent,  of  impurities,  copper,  in  particular,  being  completely 
removed.  The  metal  powders  were  weighed,  mixed,  and  pressed  into 
small  cylindrical  rods  of  the  desired  compositions.  The  Ag-Au  alloys 
were  fused  in  an  electrically  heated  furnace  open  to  the  air;  the  Ag-Pd 
alloys  were  fused  on  alundum  or  magnesia  by  the  oxyhydrogen  flame. 
The  ingots,  which  weighed  about  10  grams  each,  were  swaged  and  drawn 
into  wires  about  one  millimeter  in  diameter.  Short  pieces  of  these  wires 
were  rolled  to  a  thickness  of  from  0.0025  to  0.0050  cm.,  the  rolling  being 
carried  farthest  for  alloys  containing  large  proportions  of  gold,  and  hence 
having  the  highest  absorption  coefficients  for  x-rays.  The  condition 
resulting  from  these  operations  is  indicated  below  by  the  letter  R. 

The  annealing  process  consisted  in  maintaining  the  temperature  of  the 
sample  at  from  830®  C.  to  940®  C.  for  an  hour  or  more,  in  vacuo,  in  a 
quartz  tube  furnace,  electrically  heated.  When  several  alloys  were 
annealed  at  one  time  the  samples  were  placed  in  individual  quartz  tubes, 
open  at  one  end,  to  prevent  mutual  contamination.  Temperatures  were 
read  by  a  calibrated  platinum-platinum-rhodium  therm'ocouple.  The 
Ag-Au  alloys  required  much  longer  annealing  at  these  temperatures 
than  did  the  Ag-Pd  alloys,  before  the  results  indicated  even  fair  homo- 
geneity and  isotropy.  The  longest  time  of  annealing  actually  used  was 
about  13  hours.    The  annealed  condition  is  indicated  by  the  letters  RA. 

In  order  to  determine  whether  certain  high  values  of  a  for  condition 
R  were  due  to  distortion  of  the  space-lattice  by  cold-working  or  to  some 
other  cause,  the  Ag-Pd  alloys  in  condition  A ,  were  rerolled  after  the  x-ray 
examination  so  as  to  reduce  the  thickness  by  from  30  to  50  per  cent. 
The  increase  in  stiffness  caused  by  this  second  rolling  was  very  noticeable. 
The  condition  is  indicated  by  the  letters  RAR.  Finally,  after  examina- 
tion in  condition  2?i4i?,  these  same  strips  were  reannealed  and  again 
examined.     This  final  condition  is  indicated  by  the  letters  RARA. 

Method  of  X-Ray  Analysis. 

The  apparatus  used  has  been  fully  described  by  Davey,^  and  only 
a  brief  statement  to  define  the  experimental  conditions  will  here  be  given. 
The  K-radiation  of  molybdenum,  sufficiently  isolated  for  photographic 
purposes  by  Zr02  filters,  is  allowed  to  fall,  for  from  8  to  20  hours  on  the 

« W.  P.  Davey,  Opt.  Soc.  of  Am.  Jl.,  5,  479-493  (Nov.,  1921). 
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face  of  a  thin  ribbon  of  the  metal  to  be  analyzed.  The  shadow  cast  by 
the  edge  of  the  ribbon,  and  the  diffracted  beams  due  to  its  suitably 
oriented  crystals  are  caught  by  a  strip  of  photographic  film  wrapped  on  a 
cylinder,  the  axis  of  which  coincides  with  the  edge  of  the  ribbon.  The 
current  through  the  x-ray  tube  is  about  30  milliamperes,  the  potential 
across  it  about  30,000  volts.  The  radius  of  the  film  (sensitive  side) 
is  f  =  20.36  cm.  for  the  particular  film-holders  here  used. 

The  diffracted  beams  due  to  the  individual  crystals  form  full-sized 
images  of  the  source,^  which  are  separately  distinguishable  if  the  crystals 
are  large  enough,  and  which,  when  distinguishable,  are  more  clearly 
defined  the  more  homogeneous  is  the  arrangement  of  atoms  in  the  indi- 
vidual crystals.  By  keeping  the  sample  at  rest  we  thus  gain  information 
as  to  the  dimensions  of  the  crystals  and  their  homogeneity. '  It  should 
be  mentioned  that  if  the  crystals  are  very  large  the  images  of  the  source 
are  characteristically  blurred  at  certain  points,  but  this  aperture  effect 
IS  easily  distinguishable  from  the  general  blurring  of  the  spots  due  to 
imperfections  in  a  smaller  crystal.  If  the  spots  are  numerous  and  intense, 
as  in  the  present  series  of  photographs,  the  more  remote  edges  of  the 
bands  which  they  form  on  the  photographic  film  are  easily  located  within 
a  couple  of  tenths  of  a  millimeter,  whether  the  individual  spots  are  dis- 
tinguishable or  not.^  The  relative  intensities  of  the  bands  will  differ 
from  the  normal  if  the  crystals  are  not  oriented  isotropically.'  The 
distance  from  the  edge  of  the  shadow  of  the  ribbon  to  the  corresponding 
(more  remote)  edge  of  any  band  is  5  =  2r  6,  where  0  is  the  grazing 
angle  of  incidence  at  which  "reflection'*  takes  place.  The  data,  then, 
are  the  values  of  5,  which  range  in  these  photographs  from  6  to  30  cm. 
From  these  data  the  corresponding  values  of  the  perpendicular  distance, 
d,  between  consecutive  planes  can  be  directly  computed  by  the  formula 


a  =  -CSC 

2 


a). 


where  X  is  the  wave-length  of  the  x-rays.  In  order  to  reduce  the  labor  of 
computation  by  this  formula  a  table  was  constructed  giving  logw  d  to 
four  decimals  for  the  argument  s  at  every  o.oi  cm.  from  2.50  cm.  to  30.00 
cm.  The  value  of  X2  for  the  longer  wave-length  component  of  the  Ka 
doublet,  0.712 12  X  10^  cm.,  used  in  the  construction  of  this  table,  was 
that  given  by  Duane  and  Patterson.*    The  same  table  was  used  for  the 

1  L.  W.  McKeehan,  Frank.  Inst.  Jl.,  IQ4  (1922). 

*  L.  W.  McKeehan.  Frank.  Inst.  Jl.,  igj*  231-242  (Feb.,  1922). 

•  M.  Polanyi,  Zs.  f.  Phya.,  7.  149-180  (Nov.,  1921). 

<W.  Duane,  Nat.  Res.  Counc.  Bull.,  /,  383-408  (Nov.,  1920):    W.  Duane  and  R.  A. 
Patterson,  Nat.  Acad.  Sci.  Proc.,  8,  95-90  (May  15,  1922). 
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shorter  wave-length  component  of  the  doublet,  Xi  =  0.70783  X  lO"*  cm., 
when  the  doublet  was  resolved  in  the  photographs,  by  subtracting  a 
constant  correction  (0.0026)  from  the  tabulated  values  of  logio  d. 

The  values  of  logio  d  were  computed  in  this  way  for  every  measured 
value  of  5.  The  indices  of  the  corresponding  planes  (hkl)  of  the  space- 
lattice  were  determined  by  inspection,  the  order  and  spacing  of  the  bands 
being  characteristic  of  the  face-centered  cubic  space-lattice  always  found 
for  the  alloys  here  studied.  The  order  of  reflection  is  conveniently 
included  in  the  indices  A,  Jfe,  /;  e.g.,  the  second  order  from  the  planes 
(210)  is  indicated  by  the  symbol  (420).  An  auxiliary  table  was  com- 
puted which  gives  logio  a/d  for  the  first  54  bands  of  a  simple  cubic  space- 
lattice,  22  of  which,  having  h,  *,  /  all  even  or  all  odd,  are  also  found  in  the 
pattern  for  a  face-centered  cubic  space-lattice.  With  this  notation  the 
usual  formula*  becomes 

?  =  Va2  +  *«  +  p. 

d 

Adding  the  corresponding  tabular  numbers  gives  logio  a  which  should 
be  the  same  for  all  the  bands.  Table  I.  shows  how  nearly  this  condition 
is  satisfied.  The  mean  value  of  logio  a  was  taken  without  weighting  the 
separate  values,  since  the  more  remote  bands,  on  account  of  their  relative 
faintness,  have  larger  absolute  errors  in  s  and  yield  only  slightly  better 
values  of  a  than  do  the  more  intense  bands  nearer  the  shadow  of  the 
specimen.  The  first  band  of  the  pattern,  which  is  very  intense,  was 
sometimes  rejected,  however,  if  the  values  of  s  were  inaccurate  on  account 
of  a  poorly  defined  shadow.  A  poorly  defined  shadow  may  be  due  either 
to  use  of  too  thin  a  sample  or  to  over-exposure  and  partial  reversal  of  the 

unshaded  area. 

Accuracy. 

An  example  of  the  data  and  calculations  from  a  single  film  is  given 
in  Table  I.,  which  is  self-explanatory.  From  calculations  of  this  kind  it 
is  apparent  that  the  probable  error  in  the  value  of  a  from  a  single  experi- 
ment is  low;  it  is  estimated  at  about  i  part  in  500.  Examination  of 
different  samples  presumably  alike  showed  however  ^hat  these  may 
differ  in  the  value  of  a  by  as  much  as  one  per  cent.,  although  generally 
agreeing  much  closer.  The  widest  variations  occurred  in  condition  R. 
Such  variation  is  not  surprising,  since  the  value  of  a  is  really  determined 
for  a  sample  of  metal  which  originally  occupied  only  about  one  cubic 
millimeter  in  the  ingot.  In  conditions  RA  and  RARA  it  is  thought 
that  the  agreement  of  results  for  different  samples  justifies  the  statement 

>  A.  W.  Hull.  Phys.  Rev.,  (2).  10.  661-696  (Dec,  191 7). 
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that  a  is  known  to  i  part  in  300.    The  compositions  of  the  alloys,  as 
given  in  Table  I.,  are  subject  to  errors  which  it  is  difficult  to  estimate. 

Table  I. 


Material  TAgsPdi 

ConditioaiRA 

Film  No.  398 

Relative 
Inteiuity. 

Arc 
Length, 
5|  in  cm. 

Due  to  Ka\ 

log  (rf  X  xo»). 

MiUer 
Indicea. 

log  (a  X  xo»). 

10 

6.35 
7.34 
10.42 
12.28 
12.82 
14.86 
16.28 
16.34 
16.72 
16.79 
18.42 
18.53 
19.64 

19.75 

21.52 
22.65 
22.78 
22.99 

23.13 

24.41 
24.56 
25.45 
25.78 

2 
2 
2 
2 
2 
1 
1 
2 
1 
2 
1 
2 
1 

2 

1 
1 
2 

1 

2 

1 
2 
1 

1 

0.3603 
0.2979 
0.1482 
0.0787 
0.0606 
9.9963 
9.9586 
9.9597 
9.9477 
9.9486 
9.9083 
9.9085 
9.8825 

9.8828 

9.8462 
9.8262 
9.8266 
9.8205 

9.8207 

9.7974 
9.7977 
9.7816 
9.7768 

Ill 
200 
220 
311 
222 
400 
331 
331 
420 
420 
422 
422 

0 

440 
531 
531 

9 

(600/ 
620 
620 
533 
622 

0.5989 

4 

0.5989 

6 

0.5997 

4 

0.5994 

4 

0.6002 

1 

0.5984 

4 

0.5980 

1 

0.5991 

3 

0.5982 

1 

0.5991 

3 

0.5984 

1 

0.5986 

3 

0.5982 

1 

0.5985 

1 

0.5988 

3 

0.5982 

1 

0.5986 

2 

0.5987 

1 

0.5989 

1 

0.5984 

1 

0.5987 

1 

0.5983 

1 

0.5985 

Mean  value  log  (a  X  lo*)  -■  0.59873, 
a  «  3.969  X  io"«  cm. 

Even  in  the  silver-palladium  series  an  error  as  great  as  two  or  three  per 
cent.,  which  is  improbably  high,  would  not  affect  the  conclusions  drawn 
from  the  results.  Evidence  is  given  below  for  the  belief  that  the  com- 
position was  not  appreciably  altered  by  annealing. 

Numerical  Results. 
Table  II.  contains  the  values  of  a  determined  from  the  photographs, 
together  with  the  densities  computed  for  the  most  homogeneous  condition 
examined.     The  values  of  a  as  a  function  of  the  atomic  per  cent,  of  silver 


Digitized  by 


Google 


Vol.  XX.l 
No.  5.      J 


SILVER-PALLADIUM  AND  SILVER-GOLD  ALLOYS, 

Table  II. 


429 


ValuMol 

a  Xxo«. 

Compotod  Density. 

Atomic 

%  Ag. 

PormnlA. 

R. 

RA. 

RAR. 

RARA. 

RA, 

RARA. 

Ag 

100 

4.0801 

4.0801 

10.49 

Ag4Au.. . 

80 

4.104 

4.081* 

11.93 

AgiAuj . . 

60 

4.112 

4.126« 

13.50 

AgAu ;. . 

50 

4.082 

4.088* 

14.74 

AgjAui . . 

40 

4.091 

4.114 

15.31 

Ag,Au7 . . 

30 

4.072 

4.122* 

16.06 

AgAu4. . . 

20 

4.082 

4.079* 

17.44 

AgAuf . . . 

10 

4.096 

4.084* 

18.24 

Au 

0 

4.075 

4.0751 

19.24 

Ag 

100 

4.0801 

4.0801 

10.49 

AgtPd... 

90 

4.090 

4.056 

4.053 

4.055 

10.67 

Ag,Pd... 

75 

4.075 

4.037 

4.014 

4.020 

10.93 

Ag,Pd, . . 

60 

4.023 

4.001 

3.992 

4.004 

11.08 

AgPd  . . . 

50 

4.006 

3.982 

3.974 

3.975 

11.28 

Ag,Pd, . . 

40 

4.004 

3.969 

3.949 

3.956 

11.43 

AgPd,... 

25 

3.949 

3.945 

3.952 

3.934 

11.60 

AgPd,... 

10 

3.924 

3.921 

3.930 

3.909 

11.81 

Pd 

0 

3.900* 

3.9001 

11.87 

are  also  presented  graphically  in  Fig.  i,  for  the  conditions  used  in  the 
computation  of  densities.  In  determining  the  mass  to  be  ascribed  to  each 
unit  of  structure  the  value  N  =  6.0594  X  10**,  as  given  by  Birge,'  and 
the  1921  atomic  weights:  Ag,  107.88;  Au,  197.2;  Pd,  106.7,  were  chosen. 
The  densities  for  the  pure  metals:  Ag,  10.49;  Au,  19.24;  Pd,  11.87,  are 
within  the  range  of  values  usually  obtained,  those  for  gold  and  silver  being 
very  close  to  the  accepted  values.  The  density  of  palladium  has  been 
a  matter  of  some  doubt,  values  from  11.40  to  12.16  having  been  rep)orted. 
It  is  thought  that  the  value  given  here  is  the  most  accurate  yet  obtained. 
The  previously  published  values  for  the  space-lattice  parameters  of 
these  three  metals  are  due  to  Vegard  *•  ^  and  Hull.*  Vegard*s  data  has 
been  recomputed  using  X  =  0.614  X  io~®  cm.  for  the  mean  wave-length  of 
the  Ka  radiation  of  rhodium^  and  gives  for  silver,  a  =  4.11  X  io~*  cm., 
and  for  gold,  a  =  4.09  X  io~^  cm.  both  slightly  higher  than  the  values 
here  found.     HulFs  value  for  palladium,  a  =  3.95  X  io~®  cm.  is  also 

^  Mean  of  several  concordant  values,  including  both  conditions,  R  and  RA. 

*  Mean  of  two  concordant  values. 

*  R.  T.  Birge,  Phys.  Rev.  (2),  14,  361-368  (1919). 
«L.  Vegard,  Phil.  Mag..  (6).  jr.  83-88  (1916).  Ag. 

*  L.  Vegard,  Phil.  Mag.,  (6),  32,  65-95  (1916).  Au. 
•A.  W.  Hull.  Phvs.  Rev.,  (2),  17,  571-588  (1921). 
'  W.  Duane,  loc.  cit. 
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higher  than  those  here  determined  by  the  same  method,  but  he  states 
that  the  lines  on  the  photograph  which  he  obtained  were  rather  faint 
and  diffuse,  which  in  the  light  of  the  present  study  suggests  inhomo- 
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3 

Fig.  1. 

geneity.     The  presence  of  occluded  hydrogen  is  a  possible  source  of  high 
values  of  a  for  this  metal. ^ 

Qualitative  Results. 

The  variation  in  the  parameter  of  the  space-lattice  is,  to  a  first  approxi- 
mation, a  linear  function  of  the  atomic  per  cent,  of  either  component. 
There  is,  however,  a  tendency  for  the  chemically  unlike  components, 
Ag  and  Pd,  to  be  packed  more  closely  than  this,  and  a  tendency  for  the 
components  of  widely  diflfering  mass,  Ag  and  Au,  to  be  packed  less  closely 
when  mixed  in  certain  proportions.  Whether  the  correlation  between  the 
observed  facts  and  the  properties  to  which  attention  is  invited  by  this 
choice  of  words  is  accidental  or  not  cannot  be  determined  from  such 
meagre  data. 

The  abnormally  high  values  of  a  obtained  for  Ag3Au2,  Ag2Au8,  AgsAuj 
suggest  that  Tammann^  is  right  in  concluding  that  in  the  face-centered 
cubic  arrangement  of  atoms  solid  solutions  of  the  compositions  A3B, 

1  L.  W.  McKeehan,  Amer.  Phys.  Soc.  Washington  Meeting,  April,  1922. 
*  G.  Tammann,  Zs.  f.  anorg.  u.  allgem.  Chem.,  707.  1-239  (1919). 
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AB,  AB%  are  particularly  symmetrical  and  homogeneous.  The  com- 
positions of  the  abnormal  members  of  the  Ag-Au  series  fall  between 
these  p)oints,  and  the  alloy  Ag-Au  appears  to  be  normal  in  its  value  of  a. 
The  high  value  for  the  alloy  AgiPdj  may  be  due  to  the  same  effect,  but 
the  distance  of  this  point  from  the  smooth  curve  hardly  exceeds  the 
probable  error  in  its  position. 

It  should  be  mentioned  that  the  method  of  measurement  favors  low 
values  of  a  at  the  expense  of  high  values,  so  that  what  is  actually  deter- 
mined is  the  smallest  a  (and  the  largest  density)  possessed  by  a  consider- 
able fraction  of  the  crystals.  The  sag  in  the  Ag-Pd  curve  might  accord- 
ingly be  attributed  to  a  greater  variability  in  a  for  the  intermediate 
members.  The  reason  for  preferring  the  hyp)othesis  of  increased  inter- 
atomic attraction  is  that  the  bands  are  no  broader  and  no  more  diffuse 
for  those  members  of  the  series  which  give  low  values  of  a  than  for  those 
which  give  high  values,  and  no  wider  than  the  width  of  the  sample 
requires.^  In  fact  it  is  for  the  highest  points  on  the  Ag-Au  curve  that 
the  difficulty  of  determining  a  is  most  increased  by  diifuseness  in  the 
bands.  It  is  perhaps  not  irrelevant  that  the  excess  of  the  melting  [)oint 
over  the  annealing  temperature  is  least  in  the  Ag-Au  series,  so  that 
diffusion  may  be  more  effective  here  than  in  the  Ag-Pd  series  in  preventing 
regular  arrangements,  even  if  once  established,  from  persisting. 

Recent  work  by  Bain'  indicates  that  the  gradual  variation  in  crystal 
structure  here  found  occurs  in  other  solid  solution  alloys.  He  also 
obtained  evidence,  in  the  case  of  Cu-Ni  and  Cu-Au  alloys,  of  the  special 
regularity  of  distribution  at  the  critical  compositions,  AzB  and  ABzy 
predicted  by  Tammann.*  No  such  evidence  was  obtained  in  this  study, 
perhaps  because  Ag  and  Pd  have  atomic  numbers  too  nearly  equal  to  give 
a  "reflection**  due  to  their  difference  and  because  these  particular  com- 
positions were  missing  from  the  Ag-Au  series. 

The  high  values  of  a  frequently  found  in  condition  R  cannot  be  the 
immediate  result  of  the  cold-working  which  the  material  has  suffered, 
for  they  do  not  recur  in  condition  RAR.  They  are  accordingly  ascribed 
to  inhomogeneity,  existing  in  the  original  ingot,  in  the  arrangement  of 
atoms  within  each  crystal,  which  does  not  permit  the  interatomic  forces 
between  unlike  atoms  to  have  their  maximum  effect.  It  will  not  suffice 
to  suppose  that  different  crystals  have  different  compositions,  for,  as 
stated  above,  those  with  the  more  compact  arrangements  would  be  the 
ones  for  which  a  would  actually  be  measured.  After  annealing,  which 
renders  the  individual  crystals  more  homogeneous,  as  proven  by  the 

iL.  W.  McKeehan,. Frank.  Inst.  Jl.,  /pj,  231-242  (Feb.,  1922). 
*E.  C.  Bain,  Min.  and  Met.,  Preprint  1139-N  (Feb.,  1922). 
'  G.  Tammann,  lex:,  cit. 
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better  definition  of  the  diffracted  images  of  the  source,  the  effect  of  cold- 
working  is  only  to  break  up  the  existing  homogeneous  space-lattice  into 
smaller  units,  and  to  shear  and  displace  these  fragments  into  less  isotropic 
arrangements.  The  increase  in  intercrystalline  area,  and  in  the  number 
of  atoms  thereon  which  do  not  fit  into  both  the  adjacent  space-lattices, 
would  account  for  the  normal  decrease  in  average  density  associated  with 
cold-working  where  there  is  much  shear.  If  working  is  so  severe,  how- 
ever, that  the  space-lattice  is  destroyed  throughout  considerable  volumes 
it  is  possible  that  some  segregation  of  the  components  can  occur  at  the 
same  time.  Subsequent  crystallization  may  then  leave  the  comp)onents 
less  well  mixed  than  before  this  severe  working,  and  thus  give  rise  to 
crystals  with  abnormal  values  of  a.  Some  of  the  Ag-Au  alloys  were  rolled 
until  brittle,  and  in  this  condition  gave  hardly  any  evidence  of  crystalline 
structure,  which  would  represent  the  end  of  the  first  stage  in  the  supp)osed 
process.  As  noted  above,  recrystallization  is  particularly  slow  in  the 
case  of  Ag-Au  alloys,  so  that  no  attempt  was  made  to  reestablish  the 
crystal  structure  in  these  samples,  especially  since,  if  the  supposed  segre- 
gation exists,  heating  in  this  condition  would  change  the  composition  by 
evaporation  of  silver. 

The  relative  volatility  of  silver,  mentioned  in  the  last  paragraph,  is  a 
possible  source  of  error  in  the  composition  of  the  alloys,  and  this,  par- 
ticularly in  the  Ag-Pd  series,  might  vitiate  the  conclusions  as  to  the 
dependence  of  a  upon  the  composition  by  changing  the  latter  to  an 
unknown  extent.  In  order  to  estimate  the  p)ossible  effect  of  this  vola- 
tility a  sample  of  the  alloy  AgPd  was  repeatedly  annealed  at  870®  C. 
for  periods  of  2  hours.  No  change  in  the  value  of  a  indicating  a  pro- 
gressive change  in  comp)osition  could,  however,  be  detected,  so  that  any 
error  due  to  this  cause  is  negligible. 

In  conclusion  I  desire  to  express  my  indebtedness  to  my  colleague  Dr. 
E.  F.  Kingsbury,  who  placed  at  my  disposal  his  first-hand  knowledge  of 
certain  physical  and  chemical  characteristics  of  the  alloys  here  studied 
which  suggested  or  confirmed  the  conclusions  here  presented. 

Research  Laboratories  of  the 

American  Telephone  and  Telegraph  Company  and  the 
Western  Electric  Company,  Incorporated,  New  York, 
June  12.  1922. 
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DETECTING  EFFICIENCY  OF  THE  RESISTANCE-CAPACITY 
COUPLED  AMPLIFIER  TO  6,000  METERS. 

By  W.  G.  Brombachbr. 
Synopsis. 

Detecting  Efficiency  and  Current  Amplification  of  the  Resistance-capacity  Coupled, 
Two-tube  Amplifier. — Test  of  Hulburt's  formula,  giving  a  relation  between  detecting 
efficiency  and  the  constants  of  the  tubes  and  circuits,  has  been  extended  to  6,0oo 
meters.  The  detecting  efficiency  is  defined  as  60M*.  where  A  and  60  are  the  ampli- 
tudes, respectively,  of  the  input  grid  potential  and  of  the  rectified  component  of 
the  output  plate  current.  It  was  found  that  (i)  for  any  wave-length  the  relation 
between  60  and  i4*  is  linear;  (2)  for  constant  wave-length,  bo/A*  varied  with  the 
coupling  capacity  in  accordance  with  the  formula  within  about  10  per  cent.,  being 
practically  constant  for  capacities  greater  than  200  /i/i  F;  (3)  for  constant  capacities, 
bi/A*  varied  with  wave-length  for  ranges  1,100  to  2,500  and  2,500  to  6,000  meters  in 
fair  agreement  with  the  theoretical  curve.  The  current  amplification,  n  —  b^/Eg*, 
where  Eg  is  the  amplitude  of  the  potential  impressed  on  the  grid  of  the  second 
tube,  was  found  to  be  independent  of  the  wave-length  to  6.000  meters. 

Plate  current  of  vacuum  tube  (Radiatron  UV  201)  was  found  to  be  sensitive  to  the 
external  temperature. 

I.  Introductory. 
The  detecting  efficiency  of  the  resistance-capacity  coupled  electron 
tube  amplifier  has  been  discussed  by  E.  O.  Hulburt.^  He  derived  a 
formula  which  indicated  the  connection  between  it  and  the  constants  of 
the  electron  tubes  and  the  coupling  circuits.  His  experiments  showed 
that  the  theoretical  relation  held  in  the  region  from  400  to  1,600  meters. 

The  detecting  efficiency  was  defined  by  the  relation  lim  — ?  ,  in  which 

A  and  60  are  the  amplitudes,  respectively,  of  the  input  grid  potential 
and  of  the  rectified  component  of  the  output  plate  current. 

Consider  the  high  frequency  amplifier  of  two  tubes  as  shown  in  Fig.  i. 


-||_WVW 


c*. 


»  Phys.  Rev..  18,  165.  1921. 
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For  this  type  of  amplifier  Hulburt  derived  the  following  formula,  subject 
to  the  Conditions  that  there  be  no  rectification  in  the  first  tube  and  no 
grid  filament  current  in  the  second  tube 

{g2gZ   -J^^hf  +   [^4(^2  +  gl)    +  Xf,gif 

^2 


(,H-.+:-:.y+(..-M.)' 


in  which  A  is  the  amplitude  of  the  radio  frequency  potential  impressed 
on  the  grid  of  the  first  tube,  60  is  the  rectified  component  of  the  resulting 
radio  frequency  current  in  the  plate  circuit  of  the  second  tube;  k  is  the 
amplification  constant  of  the  first  tube,  ri  is  the  internal  resistance  of 
the  first  tube  from  filament  to  plate.  Cs  is  the  filament-grid  capacity  of 
the  second  tube.  Resistances  r^  and  rs  and  capacity  Ca  are  as  shown 
in  Fig.  I. 

Let  w/2T  be  the  frequency  of  the  impressed  voltage. 
Let 

—  =  gi,         WC4  =  Xa, 
r\ 

—  =  g2,         wCs  =  X^. 
r% 

I 

r% 

One  term  has  not  been  defined,  which  is 

«-  *• 

where  Eg  is  the  amplitude  of  potential  impressed  on  the  grid  of  the 
second  tube,     n  does  not  depend  on  the  frequency  of  the  impressed 
voltage.     (See  Fig.  6.) 
Let 

gigz  -  xaPCi,  =  a, 
^4(1:2  +  gs)  +  Xf,g2  =  b. 

Then,  more  accurately,  the  formula  may  be  written 

a{a  +  gigz)  +  Kb  +  xjjgi  +  Xf,gi) 

It  is  to  be  noticed  that  this  formula  gives  the  detecting  efficiency  in  terms 
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of  the  constants  of  the  electron  tubes  and  the  coupling  circuits.  Also 
Formula  (i)  is  an  approximation  of  (2),  the  use  of  which  is  justified  under 
obvious  conditions. 

The  object  of  this  paper  is  to  make  the  experimental  measurements 
necessary  in  order  to  test  Formula  (i)  for  long  wave-lengths,  and  to  this 
end  measurements  were  made  from  1,000  to  6,200  meters. 

2.  Apparatus. 
The  apparatus  consisted  of  a  condenser  potential  divider,  the  amplifier 
and  a  D'Arsonval  galvanometer.  The  arrangement  is  essentially  that 
of  Fig.  I.  The  potential  divider  consisted  of  the  coil  L,  the  Weston 
thermo-galvanometer  J",  and  the  condensers  Ci,  Cj  and  C|.  This  appa- 
ratus has  been  previously  described  by  Hulburt  and  Breit.^  The  poten- 
tial impressed  on  the  grid  of  first  tube  may  be  found  from 

A  =  ^ .  U) 

in  which  /  is  the  effective  current  measured  by  T.  By  coupling  L  to  a 
suitable  electron  tube  generating  set,  unmodulated  high-frequency  voltage 
of  a  small  known  amplitude  and  frequency  was  impressed  on  the  grid  of 
the  first  tube.  The  high-resistance  leak  r©  was  connected  across  Cj  to 
insure  a  definite  value  of  the  grid  potential  during  the  experiment. 
The  effect  of  r©  upon  the  impedance  of  Ct  was  negligible  because  Ct  was 
large  (either  .05,  .1,  or  .2  MF)  and  the  frequencies  used  were  of  the 
order  of  10*. 

The  amplifier  was  a  two-tube  one  with  resistance  capacity  coupling. 
The  tubes  were  General  Electric  Company  tubes,  Radiatron  type  UV  201 ; 
they  were  used  with  the  filament  current  of  .94  ampere  and  had  a 
common  plate  voltage  supply  of  52.3  volts.  Separate  storage  cells 
supplied  each  filament.  The  plate  current  was  found  to  be  sensitive  to 
external  temperature  changes,  an  effect  explained,  perhaps,  by  the 
fluctuation  in  the  amount  of  the  absorbed  gases  in  the  glass  walls  of  the 
tubes.  It  was  therefore  found  necessary  to  enclose  the  electron  tubes  in 
covered  cardboard  tubes  in  order  to  keep  their  temperatures  constant. 
The  plate  battery  was  shunted  by  a  1.75  MF  condenser  C«.  The  re- 
sistance fa  was  115  X  10*  ohms  and  fa  was  360  X  lo*  ohms.  The 
resistances  fo,  fj  and  rz  were  non-idductive,  being  of  the  type  described 
by  Hulburt.^  These  were  found  to  give  satisfactory  service.  The  value 
of  the  resistance  for  high-frequency  currents  was  assumed  the  same  as 
that  measured  with  direct  current. 

1  Phys.  Rev.,  16,  274,  1920. 
*  Loc.  cit. 
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The  change  in  the  value  of  the  rectified  high-frequency  component  of 
the  plate  current  of  the  second  tube  of  the  amplifier,  designated  by  6oi 
was  measured  by  a  D'Arsonval  galvanometer,  C,  Fig.  i,  connected 
across  a  resistance  Ta  placed  in  the  plate  circuit,  r^  was  60,000  ohms. 
The  galvanometer  had  a  resistance  of  9.0  ohms  and  a  sensibility  of 
5.8  X  10"*  amperes  per  millimeter  deflection  on  a  scale  125  cms.  distant. 
Pi  and  P2,  Fig.  i,  were  potential  dividers,  Pi  serving  to  keep  the  plate 
voltage  at  the  desired  value,  and  Pj  to  compensate  for  the  potential  drop 
in  the  resistance  r*  so  that  the  galvanometer  rested  approximately  at 
zero.  When  the  grid  voltage  of  the  first  tube  was  changed,  a  deflection 
of  the  galvanometer  resulted  which  was  proportional  to  the  change  in  the 
rectified  high-frequency  component  of  the  output  plate  current. 

It  was  important  that  the  filament  currents  remain  constant.  Any 
change  in  these  currents  resulted  in  a  shift  of  the  operating  point  of  the 
tubes.  The  electron  tubes  were  seasoned  before  every  series  of  readings 
until  a  reasonably  constant  condition  of  filament  current  and  electron 
emission  was  reached.  In  order  to  eliminate  the  error  due  to  the  usual 
slow  drift  of  the  galvanometer,  the  two  zero  readings  were  averaged.  It 
was  found  that  the  grid  leak  fo  gave  a  constant  potential*  of  nearly  zero 
on  the  grid  of  the  first  tube  when  its  value  was  246  X  lo'  ohms.  This 
value  was  not  critical.  For  large  values  of  fo,  the  value  of  the  grid 
potential  shifted  when  it  was  necessary  to  vary  the  value  of  Cs.  A 
Kolster  decremeter,  calibrated  by  the  Bureau  of  Standards,  was  used 
to  determine  the  wave-lengths  of  the  high-frequency  current. 

3.  Variation  of  Coupling  Capacity. 

The  reading  of  the  coupling  condenser  Ca  was  varied  at  each  reading, 
a  number  of  input  potentials  were  impressed  on  the  grid  of  the  first  tube 
and  the  corresponding  galvanometer  deflections  were  noted.  From  the 
reading  of  T,  the  thermo-galvanometer,  and  a  knowledge  of  the  capacities 
Ci,  Ci  and  Cj,  the  amplitude  of  the  change  of  the  input  grid  voltage  A 
was  computed,  using  formula  (3).  Three  sets  of  readings  were  taken, 
at  wave-lengths  1016,  3070  and  6235  meters.  The  resulting  curves 
with  60  the  ordinates  and  A^  the  abscissa,  are  shown  in  Figs.  2,  3  and  4. 
It  can  be  seen  that  for  each  value  of  Ca  for  all  three  wave-lengths  the 
60  —  A^  curves  are  straight  lines.  This  fact  has  been  established  by  a 
large  number  of  similar  curves,  not  shown  here.  The  curves  for  any  one 
wave-length  are  plotted  from  data  taken  with  the  potential  divider 
condensers  C%  and  d  held  constant.  A  change  in  the  value  of  €%  caused 
the  curve  for  any  particular  value  of  Ca  to  shift  and  also  to  change  its 
slope.     This  is  shown  in  Fig.  3  by  the  curve  marked  628'.    This  fact 
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can  be  explained  by  a  shift  in  the  operating  point  of  the  first  tube  because 
of  a  shift  in  the  normal  value  of  the  grid  potential,    fo  had  the  value 


50  100 

A* -VOLTS' 

Fig.  4. 


150  .  10"^ 


13  X  10*  ohms  during  these  readings.    Another  point  of  interest  in  these 
curves  is  that  the  straight  lines  do  not  pass  through  the  origin,  although 
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within  the  limit  of  experimental  error  they  pass  through  a  common 
point  on  the  A^  axis.  This  seems  to  indicate  a  constant  error  in  the 
determination  of  A^  although  a  check  up  of  the  calibrations  revealed  no 
differences  large  enough  for  compensation.  It  is  also  of  interest  to  notice 
that  for  each  wave-length  there  is  practically  the  same  current  range 
(bo)  but  that  there  is  a  large  range  in  the  value  of  A^;  for  1016  meters, 
.006  to  .015;  for  3070  meters,  .002  to  .005  and  for  6235  meters,  .0006  to 
.0015  volt^. 

The  main  fact,  however,  remains  that  the  straight  lines  were  obtained, 
as  is  predicted  by  formula  (i). 

In  order  to  further  test  formula  (i)  the  slopes  of  the  curves  corre- 
sponding to  each  value  of  d  were  determined  and  then  plotted  against 
values  of  d  for  each  of  the  three  wave-lengths  as  shown  in  Fig.  5.    That 
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Fig.  5. 

is,  experimental  values  of  b^jA^  are  plotted  against  values  of  C4.  Then, 
from  formula  (i)  the  theoretical  value  was  computed.  Values  of  the 
constants  not  before  given,  ri,  the  direct-current  filament  to  plate  re- 
sistance of  the  first  tube,  was  60  X  10'  ohms;  Cs,  the  filament-grid 
capacity  of  the  second  tube,  was  18  MMF.  This  was  measured  in  its 
socket  and  included  the  capacity  of  its  lead  wires,  which  were  short, 
however.  As  neither  n  or  k  were  determined  experimentally,  the  com- 
puted curve  was  made  to  coincide  with  the  experimental  curve  at  Ci 
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equal  to  628  MMF.  The  computed  curves  are  the  broken  lines.  While 
the  agreement  between  the  experimental  and  computed  curve  is  not 
exact,  it  is  quite  satisfactory,  revealing  no  marked  differences  in  behavior 
for  two  of  the  wave-lengths  considered,  while  for  wave-length  3,070  m. 
the  agreement  is  good. 

No  change  in  the  character  of  the  computed  curve  was  found  whether 
formula  (2)  or  its  approximation  (i)  was  used. 

4.  Variation  of  Wave-length. 
The  coupling  capacity  d  was  kept  at  its  maximum  value  of  628  MMF, 
r2,  fa  and  fi  remained  at  their  former  values  of  115  X  10',  360  X  lo*  and 
60  X  10'  ohms.  A  series  of  readings  were  taken  so  that  the  variation 
of  detecting  efficiency  with  wave-length  could  be  determined.  The 
experimental  results  are  given  in  the  full  line  curve  of  Fig.  6. 


6000 


As  the  curve  connecting  the  square  of  the  input  grid  potential  and 
the  rectified  component  of  output  plate  current  does  not  pass  through 
the  origin,  a  series  of  readings  was  taken  at  each  wave-length,  a  curve 
drawn  and  the  slope  determined.  This  slope  is  bo/A^,  The  experimental 
curves  just  mentioned  were  straight  lines  within  experimental  error. 

In  order  to  keep  the  grid  potential  of  the  first  tube  constant  for  the 
entire  range  of  wave-lengths  used,  it  was  found  necessary  to  fix  its  value 
near  zero,  which  was  done  by  making  ro  equal  246  X  10'  ohms.  This 
was  tested  by  obtaining  the  deflection  of  the  galvanometer  when  the 
condenser  C2  was  short  circuited,  there  being  no  high-frequency  current 
in  the  input  circuits.  This  test  was  made  when  the  condensers  Ci  and 
Cz  had  values  corresponding  to  the  range  of  wave-lengths  used.  C2  was 
0.2  MMF  throughout  the  run. 

The  computed  curve,  shown  dotted  in  Fig.  6,  was  made  to  agree  with 
the  experimental  curve  in  the  neighborhood  of  2900  meters.     It  was 


Digitized  by 


Google 


440  W,  G,  BROMBACHRR.  [^^ 

computed  from  formula  (2),  as  the  approximate  formula  (i)  differed 
with  it  over  the  range  of  wave-lengths  computed. 

The  agreement  of  the  two  curves  is  substantial  above  2,500  meters, 
and,  it  is  believed,  would  be  even  better,  if  the  apparatus  had  been 
used  with  better  control  over  the  grid  potentials.  The  poor  agreement 
at  lower  wave-lengths  is  due  to  the  difficulty  of  keeping  conditions 
constant  for  the  entire  range  of  observations.  An  unpublished  curve, 
detecting  efficiency  against  wave-length,  for  the  region  between  2,500- 
1,100  meters  gives  a  straight  line  of  about  the  same  slope  as  the  theoretical 
curve.  This  is  in  agreement  with  the  straight-line  relation  obtained  by 
Hulburt  between  600-1,600  meters.  Thus,  the  simple  theory  under- 
lying Hulburt*s  formula  is  in  agreement  with  experiments  thus  far  made. 

It  is  seen  that  the  detecting  efficiency  at  higher  wave-lengths  (lower 
frequencies)  becomes  independent  of  the  wave-length. 

5.  Amplification. 
It  was  necessary  to  test  the  independence  of  n  with  respect  to  wave- 
length.    By  definition 

"-£7' 

where  60  is  the  rectified  component  of  the  output  plate  current  and  Eg 
is  the  amplitude  of  the  potential  variation  on  the  grid  of  the  second  tube. 

In  order  to  measure  n  the  input  voltage  was  impressed  directly  on  the 
second  tube,  the  first  tube  being  disconnected,  and  the  output  plate 
current  was  found  for  a  series  of  wave-lengths.  As  before,  sufficient 
observations  were  made  for  each  wave-length  so  that  a  curve  could  be 
drawn  and  the  slope  determined.  The  slope  was  bo/EJ^.  The  curves 
so  determined  were  straight  lines,  n  was  found  to  be  sensibly  constant 
for  all  wave-lengths  as  is  shown  in  Curve  3,  Fig.  6. 

If  the  ordinate  of  Curve  i  be  divided  by  the  ordinate  of  Curve  3  at 
the  same  wave-length,  both  of  Fig.  6,  the  quotient  is  the  amplification 
of  the  current  obtained  by  the  use  of  the  amplifying  electron  tube. 
That  is,  the  quotient  gives  the  number  of  times  the  rectified  component 
of  the  plate  current,  601  is  increased  by  the  use  of  two  tubes  instead  of 
one.  The  quotients,  or  current  amplifications,  are  the  ordinates  on  the 
right  margin  of  Fig.  6.  If  telephones  are  used  the  sound  intensity 
amplification  is  proportional  to  the  square  of  these  numbers. 

This  problem  was  suggested  to  me  by  Dr.  E.  O.  Hulburt,  now  at  the 
State  University  of  Iowa,  who  derived  the  formula  underlying  the 
investigation. 

Johns  Hopkins  University. 
June,  1922. 
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THE  THERMOELECTROMOTIVE  FORCE  OF  COPPER- 
MANGANESE  ALLOYS. 

By  Skezug  Kimura  and  Zunehachi  Isawa. 

Synopsis. 

ThennoeUctromoUve  Force  of  Alloys  of  Copper  with  5  to  23  Per  Cent.  Manganese 
for  the  Range  o®  to  100^  C. — The  alloys  were  prepared  from  electrolytic  copper  and 
thermite  manganese  but  contained  as  impurity  about  one  fiftieth  as  much  iron  as 
manganese.  The  alloys  were  cast  and  then  drawn  to  fine  wires.  After  they  had 
been  annealed  at  200°  C.  for  8  hours,  the  thermoelectromotive  forces  against  fine 
pure  copper  wire  were  determined  for  various  temperatures  of  the  hot  junction  up 
to  100®  C.  The  curves,  as  usual,  correspond  to  the  equation  £  «  a/  -f  /8'*.  For 
/  «  100®  C,  £  is  positive  for  all  the  alloys,  especially  if  allowance  is  made  for  the 
effect  of  the  iron  content,  though  practically  zero  for  alloys  with  less  than  10  per 
cent.  Mn.  The  alloys  as  cast  and  as  drawn  were  more  positive  than  after  annealing. 
However,  E  showed  negative  values  for  the  lower  manganese  alloys  and  for  the 
lower  temperatures,  especially  when  the  iron  content  was  increased.  In  fact, 
though  a  is  probably  positive  for  all  pure  Cu-Mn  alloys,  the  effect  of  small  percentages 
of  iron,  carefully  studied  to  2  per  cent,  with  a  series  of  30  allo3rs,  was  found  to  be  to 
decrease  a  so  that  for  13  per  cent.  Mn  and  more  than  0.50  per  cent.  Fe  and  for  less 
than  II  per  cent.  Mn  and  more  than  0.20  per  cent.  Fe,  a  is  negative.  On  the  other 
hand  /9  is  always  positive  but  tends  to  decrease  as  the  percentage  of  Mn  is  increased. 
Two  alloys  indicated  that  the  effect  of  2  per  cent,  nickel  is  to  decrease  a  nearly  as 
much  as  an  equal  amount  of  iron.  The  effect  of  aluminum  seems  to  be  the  reverse 
but  the  five  alloys  tested  did  not  give  consistent  results.  Ordinary  manganese  con- 
tains just  enough  iron  as  impurity  to  mike  its  E  slightly  negative  at  ordinary 
temperatures  but  adding  i  per  cent,  more  iron,  as  suggested  by  Hunter  and  Bacon, 
would  lower  it  too  much. 

Discussion  of  Electron  Theory  of  Thermoelectromotive  Force. — ^The  electron  theory 
does  not  account  for  the  fact  that  E  is  positive  rather  than  negative  for  Cu-Mn  alloys 
against  Cu,  and  that  while  Fe  itself  is  positive  against  Cu  its  effect  on  E  for  these 
alloys  is  negative.  It  is  suggested  that  the  effect  of  atomic  and  molecular  forces 
on  the  free  electrons  will  have  to  be  taken  into  account. 

A  KNOWLEDGE  of  the  thermoelectronlotive  force  of  copper-man- 
ganese alloys  and  the  way  in  which  it  is  influenced  by  admixtures 
of  other  elements  such  as  iron,  nickel  and  aluminum  is  important  because 
one  or  more  of  these  alloys  is  widely  used  as  standards  for  resistance. 
The  data  on  this  point  being  insufficient  and  somewhat  contradictory, 
it  was  decided  to  study  carefully  the  thermoelectromotive  force  of  a 
large  number  of  copper-manganese  alloys. 

In  preparing  the  sample  throughout  this  investigation  electrolytic 
copper  and  thermit  manganese  were  used  and  the  metals  were  alloyed  in 
Tammann   tube  furnaces.     To  protect  from  oxidation   the  necessary 
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quantity  of  barium  chloride  was  first  melted  in  the  furnaces  and  the 
metals  to  be  alloyed  were  charged  in  convenient  order  into  them.  Then 
the  melted  alloys  were  p)oured  into  porcelain  tube  crucibles  which  had 
been  preheated  to  about  500®  C.  and  the  ingots  were  slowly  cooled. 
An  ingot  about  10  cms.  long  and  1.8  cms.  thick  thus  obtained,  was 
annealed  at  800°  C.  for  30  min.  and  then  drawn  into  a  wire  the  diameter 
of  which  was  about  5  mm.  This  wire  was  drawn  cold  in  the  usual 
manner.  The  diameter  of  the  wire  was  reduced  two  numbers  (B.  &  S.) 
with  one  drawing  to  gauge  number  13  and  after  that  was  reduced  only 
one  number  at  each  drawing.  Until  the  diameter  of  the  wire  reached 
its  final  value,  it  was  annealed  several  times  for  8  hrs.  in  an  oil  bath  at 
200®  C.  All  the  specimens  used  for  this  investigation  were  in  the  form 
of  wire  (B.  &S.). 

After  the  specimen  had  been  once  more  annealed  at  200®  C.  for  8  hrs. 
in  the  oil  bath,  its  mean  thermoelectromotive  force  between  o®  and  100®  C. 
was  measured  against  pure,  fine  copper  wire.  The  hot  junction  of  the 
thermoelement,  consisting  of  the  specimen  and  the  pure  copper  wire,  was 
kept  in  a  hypsometer  and  the  cold  junction  in  an  ice  bath.  Of  course, 
the  usual  expression  "mean  thermoelectromotive  force  over  a  certain 
range  of  temperature**  has  no  meaning  for  a  thermoelement  for  which 
the  thermoelectromotive  force  varies  with  the  temperature  so  as  to  have 
a  minimum  or  a  maximum  within  the  range.  Some  samples  of  copper- 
manganese  alloys  corresp)ond  to  this  case.  For  simplicity,  however,  the 
mean  thermoelectromotive  force  was  measured  at  first  as  usual.  For  the 
measurement  of  the  thermoelectromotive  force  a  Rap  potentiometer 
made  by  Siemens  and  Halske  and  a  d' Arson val  galvanometer  made  by 
Leeds  and  Northrup  were  used. 

The  results  are  summarized  in  Table  I.  and  are  also  plotted  in  curve  E 
of  Fig.  I.  For  most  of  the  specimens  the  quantity  was  insufficient  to 
allow  the  small  percentage  of  iron  in  them  to  be  determined  by  analysis. 
But  as  all  specimens  were  made  from  the  same  materials  by  the  same 
treatment,  the  content  of  iron  in  them  may  be  presumed  to  be  of  the 
same  order  as  in  the  case  of  those  specimens  whose  iron  content  could  be 
determined  by  quantitative  analysis. 

From  these  results  it  will  be  seen  that  the  mean  thermoelectromotive 
force  of  copper-manganese  alloys  between  o®  and  100°  C.  at  least  when 
the  manganese  content  is  between  5  and  25  per  cent.,  is  certainly  positive 
against  copper  and  that  within  the  same  limit  of  manganese  content, 
the  greater  the  proportion  of  manganese  the  greater  is  the  thermo- 
electromotive force.  Our  results  at  this  point  confirm  those  of  Feussner 
and  Lindeck.^     It  is  true  that  in  Table  I.  there  may  be  seen  a  few  samples 

*  Feussner  and  Lindeck,  Abh.  Phys.  Tech.  Reichsanstak.  2,  515. 
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giving  negative  thermoelectromotive  forces  which  casts  a  doubt  on  our 
conclusion.  If  Nos.  89,  102,  99  and  91  are  considered,  it  will  be  noticed 
that  even  among  samples  with  nearly  the  same  percentage  of  manganese 

Table  I. 

Manganese  Content  and  Mean  Thermoelectromotive  Force. 


No.  of 

Ca. 

Bfn. 

Fe. 

E/«»C. 

Ere. 

(Por  Cont.) 

(PwCoit.) 

(P«  Cent.) 

(B«cro-V.) 

(Micro-V.) 

84 

94.37 

5.42 

-f  0.03 

+  0.38 

85 

92.74 

6.97 

0.133 

-0.04 

+  0.45 

94 

91.85 
90.29 

8.04 
9.52 

-0.01 
-f  0.34 

+  0.57 

112 

+  1.24 

100 

89.31 

10.44 

0.150 

-f  0.02 

+  0.72 

88 

89.26 

10.45 

0.150 

+  0.22 

+  1.04 

89 

88.44 

11.33 

-f  0.38 

+  1.25 

102 

88.40 

11.46 

0.170 

-f  0.20 

+  1.02 

99 

88.18 

11.51 

-0.03 

+  0.61 

91 

88.18 

11.62 

+  0.12 

+  1.03 

97 

87.30 

12.40 

+  0.52 

+  1.48 

101 

86.21 

13.58 

+  0.50 

+  1.45 

103 

86.07 

13.65 

+  0.54 

+  1.50 

90 

85.64 

14.24 

+  0.65 

+  1.70 

93 

83.50 

16.29 

0.290 

+  0.74 

+  1.85 

95 

82.65 

17.03 

0.330 

+  0.78 

+  1.65 

86 

82.11 

17.58 

+  1.17 

+  2.10 

96 

79.56 

20.12 

+  1.73 

+  2.68 

98 

77.05 

22.52 

+  1.74 

+  2.58 

there  are  very  large  irregularities  in  the  thermoelectromotive  force. 
According  to  our  experiments  a  small  percentage  of  such  impurities  as 
iron,  nickel  and  chromium  can  easily  cause  the  lowering  of  the  thermo- 
electromotive force.     Judging  from  curve  E  of  Fig.  i  drawn  through  all 


Figl 


Manganese  content  and  mean  thermoelectromotive  force  per  i®  C.  between  o®  and  100®  C. 
Curve  E'  for  wires  as  drawn  and  curve  E  for  wires  after  annealing. 
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the  experimental  points,  No.  99  i^ich  gives  a  slight  negative  value  may 
be  considered  an  abnormal  value  due  to  the  above  cause.  But  this 
simple  explanation  is  not  sufficient  to  prove  that  the  thermoelectromotive 
forces  of  the  samples  Nos.  89,  102  and  91  are  nearer  to  the  normal  value 
than  the  thermoelectromotive  force  of  No.  99,  because  if  there  are  other 
reasons  for  raising  the  thermoelectromotive  force  of  these  samples,  the 
opposite  may  equally  well  be  concluded.  For  instance  it  was  observed 
that  the  cast  samples,  even  when  they  had  been  cooled  at  moderate 
speed,  sometimes  gave  higher  thermoelectromotive  forces  than  those 
given  by  the  same  annealed  samples.     Curves  I.  and  II.  of  Fig.  2  represent 


1.. 


-ir- 


«•  X*  «• 


-a — =. 


Fig.  2. 

Thermoelectromotive  forces  of  a  copper-manganese  alloy  before  and  after  annealing. 
Curve  I.  before  annealing.     Curve  II.  after  annealing. 

the  thermoelectromotive  force  of  a  rod  of  copper-manganese  alloy  just 
cast  and  the  same  rod  after  annealing. 

The  effect  of  cold  drawing  must  be  taken  into  consideration  as  another 
cause  of  an  increase  in  thermoelectromotive  force.  The  value  of  the 
thermoelectromotive  force  represented  by  E'  in  Table  I.  and  by  E'  in 
Fig.  I  are  those  obtained  for  samples  just  drawn,  the  corresponding 
values  of  the  thermoelectromotive  force  for  the  same  samples  after 
annealing  being  represented  by  E  in  the  same  table  and  figure.  It  is, 
therefore,  uncertain  which  value  of  the  thermoelectromotive  force,  that 
of  sample  No.  99  or  that  of  one  of  the  samples  Nos.  89,  102  and  91  is 
nearer  the  normal  value.  But  if  the  state  of  the  samples  which  gave  the 
value  of  the  thermoelectromotive  force  represented  by  curve  E  can  be 
said  to  be  normal,  that  is  if  the  effect  of  the  manufacturing  process  in  our 
laboratory  upon  the  majority  of  these  samples  can  be  said  to  be  normal, 
then  such  samples  as  No.  99  can  be  considered  abnormal.  Iron  may  be 
considered  as  one  of  the  causes  of  this  abnormality. 
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Thermoelectromotive  Force  per  Unit  Difference  in 
Temperature. 


In  the  previous  section  the  mean  thermoelectromotive  force  of  copper- 
manganese  alloys  between  o®  and  lOO®  C.  was  found  to  be  decisively 
positive  against  copper.  Since  the  mean  thermoelectromotive  force  is 
meaningless  when  the  thermoelectromotive  force  per  unit  difference  in 
temperature  changes  its  sign  between  the  two  given  limits  of  tempera- 
ture, the  variation  of  the  thermoelectromotive  force  between  o®  and  lOO** 
C.  was  studied  for  small  temperature  intervals.  The  hot  junctions  of  the 
thermoelements  were  kept  in  an  oil  bath  instead  of  in  a  hypsometer  as 
in  the  preceding  experiment.  The  oil  bath  ^as  gradually  heated  by  two 
incandescent  lamps  immersed  in  it  and  the  temperature  of  the  oil  was 
kept  uniform  by  means  of  a  pump.  The  potentiometer  was  so  adjusted 
that  one  division  of  the  end  dial  just  corresponded  to  one  microvolt  and 
a  highly  sensitive  Thomson  galvanometer  was  used  for  balancing. 

The  samples  as  before  were  in  the  form  of  wires  and  the  results  of  their 
chemical  analyses  are  shown  in  Table  II.    The  iron  in  these  samples 

Table  II. 


No.  of 

Cu. 

(PorCent.) 

Mn. 
(Percent.) 

Fe. 

(Percent.) 

Ni. 
(Per  Cent.) 

184 

94.318 
94.833 
91.541 
91.541 
88.196 
89.182 
87.103 
86.842 
83.774 
82.996 
86.337 
85.556 

5.198 

5.002 

7.920 

8.003 

11.575 

10.147 

12.292 

12.540 

15.840 

16.253 

11.673 

11.424 

0.1416 

0.1416 

0.1770 

0.1947 

0.1947 

0.1947 

0.2655 

0.2832 

0.3009 

0.3186 

0.168 

0.186 

185 

186 

187 

188 

189 

190 

191 

192 

193 

195 

1.830 

197 

2.616 

is  merely  due  to  the  impurity  in  the  manganese.  The  results  of  the 
experiments  on  these  samples  have  been  plotted  in  Fig.  3.  The  values 
of  a  and  P  in  the  formula  of  the  thermoelectromotive  force,  E  =  at  +  jS/*, 
have  been  calculated  and  plotted  in  Figs.  4,  5  and  6.^  It  is  seen  from 
these  curves  that  a  is  negative  for  samples  of  lower  manganese  content 
and  positive  for  those  of  higher  manganese  content,  while  P  is  always 
positive.  The  relation  between  a  and  the  percentage  of  iron  for  various 
concentrations  of  manganese  is  brought  out  in  Fig.  4  and  the  relation 

»  Computed  from  the  curves  for  t  «  40®  and  t  «  80®  C. 
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between  fi  and  the  concentration  of  iron  in  Fig.  5.  The  variation  of  a 
with  the  concentration  of  manganese  for  different  percentages  of  iron  in 
the  alloy  has  been  represented  in  Fig.  6. 


Fig.  3. 

Manganese  content  and  the  temperature  variation  of  the  thermoelectromotive  force  as  a 

function  of  the  temperature  of  the  hot  junction. 

In  our  opinion  the  difference  between  the  curves  in  Fig.  3  is  due  to  the 
fact  that  the  effect  of  iron  on  the  thermoelectromotive  force  varies  widely 
with  the  proportions  of  copper  and  manganese.     The  samples  Nos. 
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Fig.  4. 
'1  he  variation  of  a  in  the  equation,  E  =  erf  +  /S<*,  as  a  function  of  the  concentration  of  h*on. 
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184  and  185  show  ejtceptional  negative  thermoelectromotive  forces  and 
these  results  seem  inconsistent  with  those  obtained  for  sample  No.  84 
in  Table  I.  Perhaps  this  discrepancy  may  also  be  attributed  to  the 
difference  in  the  quantity  of  iron  as  an  impurity.     Though  the  above 
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Fig.  5. 
The  variation  of  a  in  the  equation,  £^01+  jSl*.  as  a  function  of  the  concentration  of 

manganese. 

conclusion  is  very  probable,  further  investigation  will  be  necessary  as 
to  the  thermoelectromotive  forces  of  copper-manganese  alloys  in  which 
the  manganese  content  is  less  than  about  6  per  cent. 
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Fig.  6. 
The  variation  of  /3  in  the  equation,  E  ^  od  -^^  fit\  as  a  function  of  the  concentration  of  iron. 
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Effect  of  Nickel,  Iron  and  Aluminum  on  Thermoelectromotive 
Forces  of  Copper-Manganese  Alloys. 

According  to  Feussner  and  Lindeck  the  positiveness  of  the  sign  of  the 
thermoelectromotive  force  of  copper-manganese  alloys  against  copper 
can  be  annulled  by  the  addition  of  a  small  quantity  of  nickel.  For 
example,  in  a  sample  of  about  12  per  cent,  manganese,  about  2  per  cent, 
nickel  was  suggested  for  this  purpose. 

It  has  already  been  seen  that  even  though  the  mean  thermoelectro- 
motive force  of  copper-manganese  alloys  has  a  considerable  positive  value, 
dE/dt  may  not  always  be  positive  at  ordinary  temperatures.  If  attention 
is  directed  to  the  thermoelectromotive  force  of  sample  No.  189,  it  is  seen 
that  the  mean  thermoelectromotive  force  is  about  +0.13  microvolt 
per  degree  Centigrade.  But  dE/dt  for  the  same  sample  is  negative  for 
any  temperature  less  than  about  18®  C.  and  it  becomes  zero  at  about 
20**  C.  Thus  it  will  be  seen  that  copper-manganese  alloys  containing  the 
same  order  of  manganese  as  that  in  the  ordinary  manganin  have  a  very 
small  temperature  coefficient  of  the  thermoelectromotive  force  against 
copper  at  ordinary  temperatures  and  that  at  lower  temperature  dE/dt 
becomes  negative.  If  a  small  percentage  of  nickel  is  added  to  these 
samples,  the  thermoelectromotive  force  has  a  very  large  negative  value 
at  room  temperature.  This  fact  is  clearly  seen  in  samples  of  manganin 
wire  on  the  market  as  well  as  those  prepared  in  our  laboratory  (Fig.  7). 


Fig.  7. 

The  effect  of  nickel  on  the  thermoelectromotive  force  of  a  copper-manganese  alloy  containing 

about  1 1.5  per  cent,  manganese,  as  a  function  of  the  temperature  of  the  hot  junction. 

It  is  thus  seen  that  aside  from  its  influence  on  the  temperature  coefficient 
of  the  resistance  of  manganin,  the  addition  of  nickel  to  manganin  is  not 
desirable  where  the  manganin  is  to  be  used  for  standard  resistances. 
Hence  the  idea  of  Feussner  and  Lindeck  that  nickel  could  be  added  to 
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manganin  to  cancel  the  positiveness  of  the  sign  of  the  thermoelectromotive 
force,  is  not  satisfactory  because  the  effect  is  too  large. 

When  manganin  was  first  made  by  Feussner  and  Lindeck  the  iron 
content  was  perhaps  nothing  but  impurity  which  came  from  the  man- 
ganese. But  it  has  been  proposed  by  Hunter  and  Bacon  that  about 
one  per  cent,  of  iron  should  be  added  to  manganin  to  improve  the  tem- 
perature coefficient  of  the  resistance.  Although  there  will  be  difference 
of  opinion  about  this  suggestion,  it  is  important  to  investigate  the  effect 
of  the  presence  of  iron  on  the  thermoelectromotive  force  of  copper- 
manganese  alloys,  because  iron  is  always  present  as  an  impurity  in  man- 
ganese. One  example  of  the  results  of  our  experiments  in  this  connection 
is  given  in  Fig.  8.  The  results  of  the  chemical  analyses  of  these  samples 
are  contained  in  Tables  II.  and  III. 


Fig.  8. 

The  effect  of  iron  on  the  thermoelectromotive  force  of  a  copper-manganese  alloy  containing 

about  13  per  cent,  manganese  as  a  function  of  the  temperature  of  the  hot  junction. 

Manganese  Content  and  Mean  Thermoelectromotive  Force, 

Table  III. 


Approx.  Per  Cent.             No.  of 
Mancanese.       1        Specimen. 

Copper,                   Mancftnese, 
Per  Cent.                    Per  Cent. 

Iron* 
Per  Cent. 

13 1             122 

85.573          1          13.430 
85.330          ;           12.877 
85.073          1           13.117 
85.330                    12.877 

0.6195 

124 
125 
126 

1.3983 
1.5930 
1.6544 
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From  these  results  it  must  be  concluded  that  a  small  percentage  of 
iron  can  cause  a  considerable  lowering  of  the  thermoelectromotive  force 
of  copper-manganese  alloys  and  that  its  effect  is  of  the  order  of  that  of 
nickel  or  sometimes  rather  greater  than  that  of  nickel.  As  already 
pointed  out  the  presence  of  iron  as  an  impurity  in  manganin  is  sufficient 
to  lower  the  thermoelectromotive  force  of  copper-manganese  alloys  and 
that  the  intentional  addition  of  nickel  is  unnecessary.  Furthermore, 
Hunter  and  Bacon's  proposal  to  add  about  one  per  cent,  of  iron,  is  not 
desirable  for  the  purpose  of  minimizing  the  thermoelectromotive  force  of 
copper-manganese  alloys,  because  one  per  cent,  of  iron  is  far  too  much. 

Recently  in  discussing  a  paper  by  Bash,  Weimer  has  stated  that  an 
alloy  of  84.2  per  cent,  copper,  11.5  per  cent,  manganese  and  4.2  per  cent, 
aluminum  is  an  ideal  material  for  resistance  standards.  He  points  out 
as  the  valuable  properties  of  this  alloy  that  its  thermoelectromotive 
force  against  copper  is  about  one  tenth  of  that  of  manganin  and  that 
the  constancy  of  its  resistance  seems  to  be  quite  good,  while  its  mechanical 
properties  are  considerably  better  than  those  of  manganin.  According 
to  our  experiments  aluminum  affects  copper-manganese  alloys  so  as  to 
make  the  thermoelectromotive  force  slightly  more  positive.  Thus  if 
aluminum  is  added  there  will  be  no  need  of  any  precaution  against  an 
excessive  lowering  of  the  thermoelectromotive.  force  as  in  the  case  of 
the  addition  of  nickel.  The  aluminum  will  make  it  less  probable  that 
the  iron  as  an  impurity  will  produce  a  large  thermoelectromotive  force. 
In  this  respect  it  is  safer  to  add  aluminum  than  to  add  nickel.  But  in  our 
opinion  the  intentional  addition  of  aluminum  will  also  be  unnecessary 
for  the  purpose  of  minimizing  the  thermoelectromotive  force.  Samples 
of  this  new  alloy  having  various  percentages  of  aluminum  were  prepared 
in  our  laboratory  and  their  thermoelectromotive  forces  measured.  But 
as  our  samples  seem  not  to  be  homogeneous,  a  more  detailed  study  of 
these  alloys  will  be  left  for  a  later  investigation. 

Relation  of  Results  to  Electron  Theory  of  Thermoelectromotive 

Forces. 

Certain  solid  solutions  have  negative  thermoelectromotive  forces 
against  their  solvent  metals,  while  other  solid  solutions  have  positive 
thermoelectromotive  forces.  Any  theory  of  thermoelectromotive  force 
which  makes  it  necessary  for  the  thermoelectromotive  force  of  solid 
solutions  against  their  solvent  metals  to  have  one  sign  in  all  cases,  is 
unable  to  explain  such  experimental  facts  as  were  obtained  in  this 
investigation.  The  present  electron  theory  which  can  not  in  its  present 
form  account  for  such  a  reversal  of  sign,  does  not  therefore  offer  a  satis- 
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factory  explanation  of  these  results.  To  make  it  possible  for  the  electron 
theory  to  explain  such  results,  it  will  be  necessary  to  consider  that  atomic 
forces  greatly  affect  the  energy  of  free  electrons  and  therefore  the  thermo- 
electromotive  forces. 

Thb  Elbctrotechnical  Laboratory. 
Dbpartmbnt  of  Communications, 
T61CY6. 
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NOTE  ON  OVERBLOWN   PIPES. 
Part  I. 

By  S.  Bhargava  and  R.  N.  Ghosh. 

Synopsis. 

Minimum  Pressures  to  Excite  the  Fundamental  Note  and  Octave  of  a  Pipe  with  Lip 
at  Various  Distances  from  the  Edge. — It  is  well  known  that  as  the  blowing  pressure 
is  increased  first  the  fundamental  is  excited,  then  the  octave  appears,  then  after 
an  interval  of  beating  the  octave  alone  is  heard.  With  the  pipe  tested  (fundamental 
pitch  490).  as  the  lip  distance  was  increased  from  8  to  12  mm.,  the  minimum  pres- 
sures for  the  fundamental  and  octave,  respectively,  increased  from  0.4  to  0.9  cm.  and 
from  2  to  25  cm.  of  Hg. 

Change  of  Pilch  of  a  Pipe  with  Blowing  Pressure. — This  phenomenon  is  well 
known.  For  a  particular  pipe,  studied  with  the  help  of  phonodeik  records,  the 
fundamental  pitch  increased  from  490  to  505  as  the  pressure  was  increased  from 
6  to  32  cm.  of  water.    For  50  cm.  of  water  the  pitch  (octave)  was  1052. 

THE  experimental  data  necessary  for  working  out  the  mathematical 
theory  of  the  fluid  motion  near  the  mouth  of  an  organ  pipe  seem 
to  be  wanting.  Whatever  accounts  we  have  are  scattered  and  incom- 
plete. The  present  note  describes  a  few  quantitative  results  on  (i)  The 
variation  of  pitch  with  increase  of  pressure,  (2)  The  minimum  pressure 
necessary  to  excite  the  fundamental  and  the  octave  at  various  distances 
of  the  lip  from  the  edge.  The  effect  of  the  increase  of  the  blowing  pres- 
sure is  to  increase  the  pitch  and  the  intensity,  quantitative  determinations 
of  which  are  given  in  a  paper  in  the  Physical  Review.^  The  change  in 
pitch  with  increase  of  pressure  has  been  determined  by  the  late  Lord 
Rayleigh.*  He  employed  resonators  to  determine  the  rise  of  pitch  with 
increase  of  pressure.  In  order  to  be  more  accurate  it  was  thought 
best  to  dispense  with  resonators  and  employ  a  photographic  method  for 
the  determination  of  the  pitch.  For  this  purpose  the  record  of  the 
aerial  vibration  was  obtained  by  a  Phonodeik  simultaneously  with  the 
trace  of  a  vibrating  fork  on  a  sliding  photographic  plate.  The  frequency 
was  determined  by  counting  the  number  of  waves.  The  following  table 
shows  a  typical  case. 

The  amount  of  variation  in  pitch  is  the  same  as  observed  by  Lord 
Rayleigh.  The  important  point  to  be  noticed  in  the  table  below  is  the 
jumping  of  the  pitch  to  the  octave  and,  further,  it  must  be  noted  that 

»  Physical  Rbvievv,  Sept.,  1920. 
*  Scientific  Papers,  Vol.  11,  p.  92. 
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the  frequency  at  38  cm.  of  water  is  double  that  of  the  note  just  at  the 
next  lower  pressure.  At  about  30  cm.  of  water  the  octave  is  clearly 
heard  with  the  fundamental.    With  the  rise  of  pressure  the  octave 

Table  I. 

Distance  of  Lip  from  Edge  .8  cm, 
PreMore  in  Water  Colmnn.  Flreqneiicy. 

6  cm 45K)  Fundamental 

10    '•   495 

20    '•   500 

32    ••   505 

38    "   1050  Octave 

50    ••   1052 

increases  in  prominence,  and  just  before  the  note  settles  down  to  the 
octave  only,  there  is  beating  as  noticed  by  Raps,^  Rayleigh  and  Lough.* 

§  II.    Experiments  with  Different  Positions  of  Lip  and  High 

Pressures. 

The  lip  was  placed  at  different  positions  and  made  air  tight.  Com- 
pressed air  was  blown  into  the  pipe,  and  the  pressure  near  the  mouth 
was  recorded  by  a  mercury  manometer.  It  was  found  that  the  sequence 
of  the  phenomena  is  the  same  whatever  be  the  position  of  the  lip.  The 
difference  lies  in  the  enormous  pressure  required  to  excite  the  pipe.  We 
have  observed  in  Table  I.  that  the  fundamental  is  elicited  at  a  pressure 
of  6  cm.  of  water  when  the  distance  of  the  lip  from  the  edge  is  about 
.8  cm.  When  the  distance  is  1.2  cm.,  the  pressure  necessary  to  excite 
the  fundamental  is  0.9  cm.  of  mercury  (12.2  cm.  of  water).  As  the 
pressure  is  increased  the  pitch  rises,  but  more  slowly  than  the  case  when 
the  lip  was  at  .8  cm.  from  the  edge.  With  ,the  rise  of  pressure,  the  note 
develops  its  octave  which  is  so  strong  that  even  an  unaided  ear  cannot 
fail  to  detect  it.  As  the  pressure  is  further  raised,  the  beat  tone  appears 
when  on  a  slight  increase  of  pressure  the  beat  tone  disappears,  giving 
place  to  a  steady  octave.  The  necessary  condition  for  obtaining  the 
octave  is  the  beat  tone  which  is  always  obtained  at  a  pressure  depending 
upon  the  distance  of  the  lip  from  the  edge.  Beyond  the  octave  very 
little  rise  of  pitch  is  obtained  with  increase  of  pressure.  The  addition  of 
pressure  increases  the  intensity  considerably.  In  plate  I.  a  few  vibration 
curves  which  were  obtained  at  high  pressures  are  shown.  Fig.  i  shows 
the  fundamental,  Figs.  2  and  3  show  the  gradual  development  of  the 
octave  clearly.  Fig.  4  represents  the  octave  which  is  more  or  less  simple 
in  character  like  the  fundamental. 

» Ann.  der  Phys.,  Vol.  i,  p.  193. 
«  Phil.  Mag.,  Jan.,  1922,  p.  72. 
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Figs.  1-4. 

Fig.  5  shows  the  relation  between  the  minimum  pressures  (ordinates 
in  the  figure)  necessary  to  excite  the  fundamental  at  various  positions 
of  the  lip.  It  will  be  observed  that  the  minimum  pressure  increases 
slowly  with  increasing  distance,  then  becomes  rapid. 
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Fig.  5. 
Origin  repreaenting  .8  cm.  from  the  edge. 


Fig.  6  exhibits  the  relation  between  the  pressure  necessary  to  excite 
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Fig.  6. 
Distance  of  lip  from  the  edge  at  the  origin  is  .8  cm. 
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the  octave  at  various  positions  of  the  lip.  It  is  evident  from  the  curve 
that  the  increase  of  pressure  to  change  the  note  to  the  octave  becomes 
greater  as  the  lip  distance  increases.  The  curve  is  almost  logarithmic  to 
the  distance  axis. 

§  III.    Discussion  of  Results. 

Since  the  rise  of  pitch  with  increase  of  pressure,  the  presence  of  the 
octave,  and  the  beat  tone,  and  finally  the  jumping  to  the  octave,  are 
quite  general,  t,e,,  obtained  at  any  position  of  the  lip,  it  is  evident  that 
the  hydrodynamical  problem  is  quite  definite.  The  fact  that  a  certain 
minimum  pressure  is  necessary  to  start  the  pipe,  shows  that  the  length 
of  the  air  jet  must  be  such  as  to  allow  it  to  flow  past  the  edge.  When  the 
jet  flows  past  the  edge,  it  wafts  to  one  side  or  the  other  delivering  a  puff 
at  each  journey.  The  maintenance  is  effected  by  the  energy  supplied 
by  blowing.  But  this  elementary  view  does  not  explain  the  gradual  rise 
of  pitch  with  increase  of  pressure.  The  effect  of  the  increase  of  pressure 
is  to  produce  a  vortex  motion  whose  effect  is  to  diminish  the  effective 
inertia  of  the  system,  i.^.,  the  oscillating  air  jet,  thus  reducing  the  period. 
This  qualitatively  explains  the  rise  of  pitch.  The  presence  of  the  octave 
and  the  beat  tone  can  be  explained  on  lines  suggested  by  Lough.^ 

If  we  assume  that  the  vortex  motion  has  a  certain  natural  period 
depending  upon  the  pressure  and  decreasing  with  the  increase  of  pressure 
then  the  phenomenon  can  be  easily  explained.  Initially  the  period  of  the 
air  jet  is  the  same  as  that  of  the  vortex  pulsations.  So  that  the  two  forces 
conspire,  and  produce  the  maximum  effect.  As  the  pressure  rises,  the 
period  of  the  air  jet  decreases  but  more  slowly  than  the  pulsations,  and 
in  a  short  time  they  become  discordant,  when '  the  fundamental  is 
weakened.  Finally  the  forces  due  to  the  pulsations  excite  in  the  pipe 
the  next  higher  mode  of  vibration  independently,  i.«.,  the  octave,  which 
becomes  prominent,  and  the  fundamental  dies  out.  It  will  be  observed 
from  the  above  discussion  that  the  pitch  of  the  note  on  increase  of 
pressure  will  jump  to  the  octave  of  the  note  obtained  at  the  next  lower 
pressure. 

MuiR  Central  College. 
Allahabad,  India, 
May.  1923. 

>  Lough.  loc.  cit. 
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THE  ENERGY  LOSSES  ACCOMPANYING  IONIZATION  AND 
RESONANCE   IN   MERCURY  VAPOR. 

By  John  A.  Eldridgb. 

Synopsis. 

Energy  Losses  Accompanying  Radiaiion  and  lonizaiion  in  Mercury  Vapor. — To 
make  possible  a  direct  determination  of  the  distribution  of  electron  energies  after 
impact  with  vapor  molecules,  a  special  tube  was  constructed  in  which  the  usual 
grid  was  replaced  by  two  diaphragms  each  pierced  with  only  a  single  hole.  These 
divide  the  tube  into  two  chambers  which  can  be  maintained  at  different  pressures, 
the  one  in  which  the  collisions  take  place  being  kept  at  a  sufficiently  high  pressure 
and  the  other,  in  which  the  energies  of  the  electrons  after  the  collisions  are  measured, 
at  a  very  low  pressure  by  the  use  of  liquid  air.  The  source  of  electrons  was  an 
oxide-coated  platinum  foil  heated  by  radiation  from  a  tungsten  filament,  and  energy 
distribution  curves  were  obtained  for  a  given  accelerating  potential  by  recording 
the  electron  current  as  a  function  of  the  retarding  potential.  These  curves  show 
that  below  4.9  volts  the  collisions  are  elastic  but  that  at  higher  voltages  energy  losses 
of  4.9,  5.7  or  6.7  volts  may  occur.  For  example,  with  an  accelerating  field  (corrected) 
of  9  volts,  breaks  occur  for  retarding  potentials  of  about  2.3,  3.3  and  4.1  volts,  the 
curve  being  approximately  horizontal  between  breaks.  When  ionization  is  produced, 
however,  the  electron  loses  all  its  energy,  even  though  this  much  exceeds  the  ionizing 
potential,  10.4  volts,  and  the  electron  freed  by  the  ionization  also  seems  to  have 
practically  no  energy.  The  6.7  volt  type  of  radiating  collision  is  not  probable 
unless  the  energy  of  the  colliding  electron  exceeds  8.5  volts,  but  it  becomes  far 
more  prominent  than  the  4.9  volt  type  above  10  volts.  Comparison  with  spectroscopic 
and  photoelectric  data.  The  observed  radiating  potentials  correspond  to  the  known 
absorption  lines  XX  2536  (4.9  volts),  2330  (5.3).  2140  (5.9)  and  1849  (6.7).  Apparent 
discrepancies  between  these  results  and  photoelectric  data  are  discussed  but  the 
explanation  is  not  yet  clear. 

WHEN,  in  1913  and  1914,  Franck  and  Hertz  published  the  results 
of  their  investigation  concerning  the  nature  of  electron  collisions 
with  gas  molecules,  there  already  existed  a  theory  which  accorded  well 
with  their  observations,  and  their  work  and  that  of  the  many  others 
that  have  worked  in  this  field  during  the  last  decade  has  resulted  in 
modifying,  amplifying,  but,  to  a  surprising  extent,  in  confirming  the 
quantum  theory  as  applied  to  atomic  structure  and  radiation.  This 
theory  has  directed  much  of  the  work  in  this  field  to  the  determination  of 
the  exact  values  of  ionizing  and  radiating  potentials,  and  in  the  case  of 
the  metallic  vapors  the  result  has  almost  invariably  been  an.  admirable 
check  between  these  values  and  those  predicted  (by  the  quantum  theory) 
from  the  spectral  frequencies.  It  is  surprising  that  comparatively  little 
has  been  attempted  in  the  way  of  giving  precision  to  our  conception  of 
what  actually  takes  place  at  these  critical  potentials.    The  most  sig- 
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nificant  advance  of  this  period  was  made  when  Davis  and  Goucher^ 
showed  that  no  ionization  occurred  at  4.9  volts  in  mercury.  This 
changed  and  made  much  more  interesting  our  picture  of  the  phenomena, 
giving  us  two  classes  of  critical  potentials,  the  ''resonating"  and  the 
ionizing  potential.  For  the  most  part  it  has  been  so  easy  to  fill  in  the 
hiatus  left  by  experimentation  with  plausible  extensions  of  the  theory, 
that  the  gaps  in  the  experimental  evidence  are  not  always  apparent 
and  yet  a  critical  study  of  almost  any  of  the  investigations  which  have 
been  published  would  show  much  that  is  not  clear.  Quantitative  meas- 
urements are  necessary  before  we  can  hope  to  solve  all  of  these  difficulties; 
yet  some  of  the  inconsistencies  are  so  striking  as  to  make  us  suspect  some 
of  the  major  tenets  of  our  theory.  Some  of  these  difficulties  formed  the 
occasion  for  the  present  investigation,  and  as  an  introduction  thereto  it 
may  be  well  to  recall  two  recent  studies  of  electronic  collisions  in  mercury 
vapor. 

In  Fig.  I  is  reproduced  a  curve,  obtained  by  Mohler,  Foote  and 


"5  io  TV 

Accelerating  B^r«nrial- Vo/tf 

Fig.  1. 

Meggers,*  and  in  Fig.  2  one  by  Franck  and  Einsporn.'  The  experimental 
arrangements  of  these  observers  were  quite  similar.  The  electron  was 
accelerated  from  the  hot  cathode  to  a  first  grid,  then  entered  a  constant 
potential  region  where  most  of  the  collisions  were  made,  and  was  then 
slightly  retarded  from  a  second  grid  to  the  plate.  The  current  to  the 
plate  is  plotted  as  ordinate,  and  the  accelerating  potential  as  abscissa. 
The  curves  are  in  a  general  way  similar,  the  differences  which  exist 
being  presumably  due  to  the  extreme  purity  of  the  mercury  and  con- 
stancy of  experimental  conditions  in  the  work  of  Franck  and  Einsporn. 
Mohler,  Foote  and  Meggers,  interpreting  their  results,  point  out  thaf 

>  Phys.  Rev.,  10.  p.  loi  (191 7). 
•Journal  Opt.  Soc.,  4.  p.  369  (1920). 
»  Zeit.  der  Phys.,  2,  p.  18  (1920). 
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all  peaks  which  occur  are  to  be  explained  as  due  to  combinations  of 
collisions  of  the  4.9  volt  and  6.7  volt  type.  The  inflections  at  a,  6,  and  d 
are  due  to  successive  collisions  of  the  first  type;  c,f,  and  *  to  one  of  the 
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Fig.  2. 

first  type  combined  with  one  or  more  of  the  second ;  e  and  h  to  two  of 
the  first  and  one  or  two  of  the  second ;  and  g  is  due  to  three  of  the  first 
and  one  of  the  second.  The  new  type  of  collision  (involving  an  energy 
loss  of  6.7  volts)  corresponds  to  the  X  1849  line  of  mercury.  This  line 
is  a  prominent  absorption  line,  and  while  it  has  never  been  observed 
spectroscopically  below  the  ionization  point,  photoelectric  evidence  that 
it  did  indeed  appear  at  6.7  volts  had  been  adduced  by  Goucher. 

Figure  i  gives  strong  evidence  for  the  existence  of  the  second  type  of 
collision  with  the  6.7  volt  energy  loss.  The  peaks  of  the  curve  occur  at 
voltages  which  check  quite  closely  with  those  obtainable  from  com- 
binations of  multiples  of  4.9  and  6.7  volts,  and  all  such  combinations 
are  represented  excepting  6,7  volts  itself  and  its  multiples} 

Curves  similar  to  the  above,  showing  two  resonance  potentials,  were 
obtained  for  other  metals  of  the  second  group  of  the  periodic  table: 
cadmium,  zinc,  magnesium,  and  calcium;  but  again,  except  in  the  case 
of  calcium,  no  peak  was  found  corresponding  to  a  single  collision  of  the 
second  type.  To  account  for  this  it  was  supposed  that  the  inflection 
which  should  have  occurred  here  was  hidden  by  the  overlapping  effect 
of  the  first  resonance  point.  This  seems  an  unlikely  explanation  since 
later  peaks,  though  equally  close,  are  readily  distinguishable.  Moreover, 
as  has  been  noted,  just  as  there  is  no  peak  corresponding  to  a  single 
•6.7-volt  collision  in  Fig.  i,  so  there  is  none  corresponding  to  any  simple 
multiple  of  this.     And  yet  this  type  of  collision  when  it  appears  in  com- 

*  The  agreement  is  not  perfect.  The  interval  between  b  and  c  and  between  e  and  /  should 
be  the  same,  «'.«.,  1.8  volts,  but  the  peak  at  c  seems  always  to  appear  too  soon. 
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bination  with  those  of  the  4.9-volt  type  gives  very  prominent  peaks — 
peaks  which  are  in  fact  more  prominent  than  those  corresponding  to 
simple  multiples  of  4.9  volts,  which  beyond  the  second  are  quite  weak.^ 

There  can  be,  however,  little  question  of  the  essential  rightness  of  the 
interpretation  of  the  peaks  which  occur  in  Fig.  i,  but  an  explanation  is 
needed  which  will  account  for  the  absence  of  the  others  and  for  the 
relative  magnitudes  of  those  which  do  occur.  The  following  hypothesis, 
at  the  time  it  occurred  to  the  writer,  seemed  to  be  somewhat  doubtful, 
and  yet  to  be  the  only  one  which  would  bring  consistency  to  the  above 
seemingly  inconsistent  facts:  At  potentials  slightly  above  6.7  volts, 
collisions  of  the  6.7-volt  tjrpe  may  be  possible,  but  are  very  improbable 
as  compared  with  those  of  the  4.9-volt  type.  As  the  potential  is  raised, 
these  collisions  become  more  and  more  probable,  and  at  high  voltages 
are  more  likely  to  occur  than  those  of  the  4.9-volt  type.  Single  6.7-volt 
collisions  will  take  place  on  this  hypothesis  if  an  electron  has  a  large 
enough  kinetic  energy — say  9  or  10  volts,  but  these  will  not  involve  a 
total  energy  loss  and  the  electron  will  still  reach  the  anode;  at  potentials 
just  above  6.7  volts  practically  no  collisions  of  this  type  will  occur. 
The  usual  experiment  indicates  only  the  points  at  which  inelastic  collisions 
involving  total  or  almost  total  energy  losses  begin  to  take  place,  and  will, 
therefore,  give  no  indication  of  a  single  6.7-volt  collision.  Similarly, 
simple  multiples  of  this  type  of  collision,  though  often  occurring,  will 
not  be  indicated,  because,  to  be  indicated  on  the  curve,  the  last  collision 
must  be  by  an  electron  with  kinetic  energy  of  just  6.7  volts,  and  such  an 
electron  will  lose  4.9  rather  than  6.7  volts  of  energy.  The  same  hypothe- 
sis makes  the  first  collision  of  an  electron  with  high  velocity  more  probably 
one  involving  a  loss  of  6.7  than  of  4.9  volts.  This  would  mean  that 
peaks  corresponding  to  pure  multiples  of  4.9  volts  should  be  relatively 
weak  at  high  voltages,  and  Fig.  i  shows  that  above  9.8  volts  this  is 
indeed  the  case. 

There  are  other  difficulties  which  occur  in  analyzing  such  a  curve, 
but  they  will  not  be  dwelt  upon.  The  interpretation  of  the  rise  in  current 
just  before  c,  followed  by  the  extremely  sudden  drop  at  c,  is  not  clear  to 
the  writer.  The  rise  is  probably  due  to  ionization,  and  our  ignorance  of 
what  happens  at  ionization  is  fairly  complete. 

Turning  to  the  curve  of  Franck  and  Einsporn,  it  is  seen  that  in  a  general 
way  it  corresponds  to  the  curve  dicsussed  above,  but  shows  other  weaker 
inflection  points  which  are  attributed  to  other  types  of  inelastic  collisions. 
In  the  earlier  part  of  this  very  interesting  paper,  these  writers  show  that 

>  I  have  obtained  curves  quite  similar  to  Fig.  I.  but  because  of  the  difficulties  mentioned. 
I  was  not  able  to  convince  myself  at  the  time  that  they  were  indeed  due  to  6.7  volt  collisions. 
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a  photoelectric  effect  occurs  not  only  at  4.9  and  6.7  volts,  but  at  many 
other  potentials  corresponding,  through  the  quantum  relations,  to  promi- 
nent lines  in  the  mercury  spectrum,  a  result  in  startling  agreement  with 
the  Bohr  conception  of  radiation.  The  curve  showing  the  photoelectric 
current  as  a  function  of  the  accelerating  voltage  is  not  reproduced  here. 

The  Bohr  theory  leads  us  to  expect  inelastic  collisions  at  the  "radiat- 
ing" potentials  indicated  on  the  photoelectric  curve,  and  Fig.  2  shows  the 
inelastic  collisions  which  were  found  to  occur.  As  interpreted  by  Franck 
and  Einsporn,  this  curve  does  show  inelastic  collisions  at  most  of  the 
radiating  potentials.  It  is  surprising  however  that  no  agreement  was 
found  between  the  magnitudes  of  the  breaks  in  the  two  curves.  In 
Fig.  2  we  find  the  break  at  4.9  volts  of  predominating  importance,  and 
this  has.no  parallel  in  the  photoelectric  curves  which  indicated  an 
emission  of  radiation  at  4.9  volts  of  quite  the  same  order  of  intensity  as 
formed  at  4.7,  5.3,  6.7,  etc.  The  breaks  indicated  in  Fig.  2  are  certainly 
in  most  cases  very  weak,  and  correspond  at  times  to  inflections  upwards 
and  again  to  downward  inflections  in  a  manner  which  seems  quite  un- 
accountable. Inelastic  collisions  should  always  lead  to  downward  inflec- 
tions, according  to  the  usual  interpretation  of  such  curves.  The  peak 
at  4.7  volts  is  more  definite.  The  rise  by  which  it  is  followed  (just  before 
4.9)  is  unexpected,  but  can  be  explained  if  we  assume  that  the  4.7 
collisions  cease  when  the  potential  slightly  exceeds  the  critical  value. 
Here,  as  elsewhere  in  the  interpretation  of  the  curves,  we  must  suppose 
that  Franck  and  Einsporn  had  a  very  small  velocity  distribution. 

When  the  apparatus  is  suitably  arranged  (with  high  vapor  pressure 
and  no  constant  potential  region),  many  repetitions  of  the  4.9- volt  type 
of  collision  can  readily  be  obtained  which  show  little  decrease  in  sharpness 
as  the  number  increases.  It  is  not  difficult  to  understand  the  absence 
of  the  6.7  type  of  collision  from  such  a  curve,  since  the  electron  prob- 
ably never  gets  a*  velocity  enough  in  excess  of  4.9  volts  to  excite  this 
radiation,  but  it  would  be  thought  that  the  critical  voltages  which  lie 
nearer  to  4.9  would  be  indicated  by  a  rapid  flattening  of  the  peaks  as 
the  number  increased. 

Such  are  some  of  the  questions  which  are  left  unanswered  by  recent 
experimentation  in  this  field.  The  answer  to  many  of  them  seemed  to 
be  obtainable  by  a  method  somewhat  different  from  that  hitherto 
employed. 

As  remarked  above,  the  method  developed  by  Franck  and  Hertz  and 
quite  generally  used  with  modifications  since  then,  measuring,  as  it 
does,  the  current  to  a  retarding  plate  as  a  function  of  the  accelerating 
voltage,  is  only  competent  to  show  the  potentials  at  which  total  losses  of 
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energy  begin  to  take  place  (complicated,  above  the  ionization  point, 
by  the  ionization  current).^  It  seemed  desirable  to  alter  this  method  by 
keeping  the  accelerating  potential  constant  and  varying  the  retarding 
potential.  For  any  given  accelerating  potential,  it  should  be  possible 
by  such  a  method  to  measure  the  actual  distribution  of  velocity  which 
exists  among  the  bombarding  electrons  after  a  considerable  number  of 
collisions  with  mercury  vapor. 

This  method  is  a  quite  obvious  deviation  from  the  usual  procedure, 
and  was  used  by  Franck  and  Hertz  in  their  early  work  to  show  that  the 
4.9-voIt  maximum  was  due  to  an  energy  loss  of  the  electron.  Sponer,* 
in  a  paper  which  appeared  after  the  present  work  was  begun,  has  used  a 
similar  method  and  has  made  it  yield  very  interesting  results  as  to  the 
probability  of  inelasticity  at  4.7  and  4.9  volts.  However,  the  tube  used 
by  these  experimenters  was  of  the  usual  filament-grid-plate  design,  and 
with  such  a  tube  the  method  is  very  greatly  limited  in  its  applicability. 
It  is  incapable  of  giving  even  approximate  velocity  distribution  curves, 
and  has  so  little  resolution  as  to  be  probably  quite  useless  in  dealing 
with  any  velocity  of  more  than  a  few  volts. 

For  the  purpose  which  the  writer  had  in  view,  it  was  necessary  to  obtain 
the  actual  velocity  distribution  existing  among  the  electrons  in  the 
mercury  vapor.  Therefore,  an  attempt  was  made  to  eliminate,  so  far 
as  possible,  the  following  obvious  defects  inherent  in  the  grid  type  of  tube, 
when  used  for  such  a  purpose: 

1.  The  electrons  enter  the  retarding  region  with  only  one  component  of 

their  velocities  in  the  direction  of  the  retarding  field. 

2.  Collisions  are  made  in  this  region,  so  that  the  electrons  reach  the  plate 

only  by  diffusion.     In  the  work  of  Sponer  the  free  path  was 
about  half  a  millimeter. 

3.  Many  electrons,  though  reaching  the  receiving  plate,  are  reflected. 

4.  Electrons  are  reflected  with  loss  of  velocity  from  the  grid. 

The  apparatus  as  finally  developed  is  shown  in  Fig.  3.  An  earlier 
form  of  tube  was  used  in  taking  some  of  the  observations  presented  in 
this  paper.  It  was  the  same  in  principle,  but  differed  somewhat  in 
design  from  the  final  form  shown.  These  differences  will  be  mentioned 
after  describing  the  tube  represented  in  Fig.  3. 

The  glass  containing  tube  is  shown  shaded,  a  represents  the  cathode, 
an  oxide-coated  sheet  of  thin  platinum  supported  on  a  small  quartz 
tube  and  heated  from  above  by  a  tungsten  spiral.    This  furnishes  a 

*  The  recurrence  of  peaks  gives,  to  be  sure,  evidence  concerning  the  continuity  of  these 
collisions  at  higher  velocities  but  these  peaks  are  usually  too  complicated  to  be  fully  inter- 
pretable. 

«Zeit.  d.  Phys.,  7.  p.  185  (1921). 
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source  of  constant  potential  and  one  which  is  quite  steady,  b  represents 
a  nickel  grid  and  wire  cylinder;  c  shows  a  platinum  cap,  tightly  fitting 
the  inner  tube  and  perforated  by  a  small  hole  (0.6  mm.  in  diameter). 


Fig.  3. 

A  nickel  cylinder  covered  by  a  platinum  disc  with  a  similar  perforation 
is  shown  at  d,  and  e  shows  another  nickel  cylinder  with  its  lower  end 
covered  by  two  layers  of  fine  meshed  nickel  gauze  and  well  insulated  from 
other  parts  of  the  apparatus.  To  reduce  electronic  reflection,  the  inner 
walls  of  this  cylinder  are  also  lined  with  gauze.  The  distance  between 
c  and  d  is  about  8  mm. 

The  tube  is  thus  divided  into  two  parts,  communicating  through  the 
small  hole  c.  During  an  experiment  the  upper  part  of  the  tube  is 
electrically  heated  to  any  desired  temperature  (the  mercury  in  the 
offset  tube  being  somewhat  underheated),  and  the  lower  part,  below 
A-i,  is  immersed  in  liquid  air.  Under  these  circumstances,  it  is  possible 
to  maintain  a  high  mercury  pressure  in  the  upper  region,  with  a  very 
much  lower  pressure  in  the  region  between  c  and  d,  and  a  good  vacuum 
within  the  cylinder  e.  To  avoid  condensation  of  mercury  on  the  nickel 
cylinders,  the  cylinder  d  was  wrapped  with  nickel  wire  (not  shown), 
and  could  be  electrically  heated  while  the  tube  was  immersed  in  liquid  air. 
A  cylinder  of  thin  aluminum  sheet  (not  shown)  was  placed  outside  the 
nickel  wire  to  reduce  the  radiation  from  the  heated  wire  to  the  walls  of  the 
tube.     A  platinum  cylinder  is  represented  by  /,  placed  behind  the  wire 
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cylinder  b  and  insulated  from  the  hot,  semi-conducting  walls.  This  was 
used  to  take  ionization  curves  in  the  usual  fashion  to  check  the  behavior 
of  the  tube,  g  represents  a  nickel  guard  ring  intended  to  be  used  to  cut 
down  the  reflection  of  electrons  from  «,  which  electrons  would  have 
otherwise  been  attracted  away  from  e  by  the  field  between  e  and  d. 
The  reflection  was  in  fact  small  with  this  tube,  and  the  ring  had  little 
effect. 

All  lettered  parts  had  separate  leads  to  the  outside  of  the  tube,  but 
normally  6,  c,  d,  and  /  were  maintained  at  the  same  potential.  The 
electrical  connections  in  such  a  case  are  shown  in  the  figure.  From  a 
to  b  an  accelerating  field  of  any  desired  value  is  applied.  The  electrons 
enter  the  region  below  b  with  the  velocity  corresponding  to  this  difference 
in  potential,  and  collide  with  many  mercury  molecules  here;  some  reach 
c  and  after  a  last  collision  pass  through  the  small  hole,  and  of  these 
some  enter  the  hole  in  d.  A  variable  retarding  difference  of  potential  is 
established  between  d  and  «,  and  the  current  to  e  is  measured  as  a  function 
of  this  potential  difference. 

The  earlier  form  of  tube  differed  in  design  from  that  shown  in  Fig.  3 
in  that  parts  lettered  /  and  g  were  missing,  and  a  less  direct  method  of 
eliminating  the  mercury  vapor  from  the  evacuated  region  was  employed. 
In  this  case,  instead  of  freezing  the  vapor  out  on  the  sides  of  the  main  tube, 
short  side  tubes  were  used,  ending  in  mercury  vapor  traps.  This  tube 
probably  gave  a  somewhat  higher  vapor  pressure  in  e  than  did  the  later 
form  shown. 

An  extremely  small  portion  of  the  total  current  passes  the  two  holes, 
and  it  is  necessary  to  measure  this  current  with  an  electrometer.  A 
constant  deflection  method  was  used,  using  a  shunting  resistance  of  some 
10,000  megohms  of  graphite  on  glass.  This  was  kept  dry  over  phosphor- 
ous pentoxide,  and  was  very  satisfactory,  giving  no  evidence  of  polariza- 
tion.^ 

The  electrometer  deflections  were  recorded  in  most  cases  photo- 
graphically. This  gave  a  continuous  and  rapid  record  of  the  current  as 
the  retarding  potential  was  gradually  increased.  A  Compton  electrom- 
eter was  used,  with  a  period  short  enough  to  enable  it  to  follow  the 
impressed  variations  quite  accurately. 

The  electrons  passing  through  the  perforations  will  reach  the  cylinder 
e  and  be  measured  as  current  so  long  as  their  velocity  is  greater  than  the 

>  In  this  method  there  is  a  slight  correction  to  be  made  to  the  apparent  potential  of  e, 
due  to  the  IR  drop  in  the  shunting  resistance,  but  this  was  only  about  0.3  volt  for  a  maximum 
deflection,  and  this  correction  has  not  been  applied  to  the  curves.  Its  effect  will  be  appreciable 
only  in  estimating  the  distribution  of  velocities  of  emission  which  is  in  fact  o.i  or  0.2  volt 
less  than  that  apparent  from  the  curve. 
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retarding  potential.  The  ordinate  at  any  point  on  the  current-retarding 
potential  curve  represents  the  number  of  electrons  which  had  a  kinetic 
energy  greater  than  the  retarding  potential,  or  from  the  slope  of  the 
curve  the  number  having  any  particular  velocity  is  given.  It  is  assumed 
that  the  electrons  going  through  the  holes  are  representative  of  those  in 
the  region  b.  If,  then,  it  were  possible  to  produce  in  this  region  electrons 
with  kinetic  energies  of  exactly  9  volts,  the  curve  should  be  quite  hori- 
zontal from  o  to  9  volts,  and  suddenly  drop  to  zero.  Or  if  half  of  these 
9-volt  electrons  made  collisions  involving  an  energy  loss  of  4.9  volts,  the 
curve  would  have  a  constant  ordinate  for  retarding  potentials  from  o 
to  4.1  volfs,  and  then  suddenly  drop  to  a  half  value,  which  it  would 
maintain  until  9  volts.  This  illustrates  the  strong  possibilities  of  the 
arrangement  in  resolving  neighboring  critical  velocities,  the  resolution 
being  only  limited  by  the  range  of  velocity  distribution  attainable. 

In  Fig.  7  the  upper  curve  is  a  typical  velocity  distribution  curve  in 
vacuum  (mercury  free),  taken  with  the  tube  illustrated  in  Fig.  3.  The 
accelerating  potential  in  this  case  was  12  volts.  This  curve  shows  a  very 
satisfactory  performance  of  the  tube  and  a  velocity  distribution  from 
the  oxide-coated  source  which  is  mostly  within  a  volt.  The  curve  remains 
horizontal  to  8  volts,  then  after  a  slight  increase  falls  rapidly  to  zero,  the 
slow  electrons  being  lost  in  appreciable  numbers  at  about  10  volts  (which 
indicates  a  contact  potential  difference  between  a  and  e  of  2  volts)  and 
the  fastest  ones  are  lost  when  the  potential  is  raised  to  11  volts.  The 
slight  maximum  at  9.5  volts  is  probably  due  to  reflection  of  electrons 
from  e.  This  reflection  is  less  at  low  velocities,  and  consequently  the 
number  of  electrons  received  and  held  by  e  is  actually  greater  for  high 
retarding  potentials  than  for  lower.  There  is  every  reason  to  believe, 
that  the  drop  in  the  curve  does  give  very  nearly  the  actual  distribution 
of  initial  velocities. 

Conditions  for  the  Occurrence  of  4.9-VoLT  and  6.7-VoLT 

Collisions. 
Figure  4  represents  curves  taken  with  the  earlier  form  of  tube.  The 
mercury  temperature  was  140°  C.  in  the  cases  of  the  upper  two  curves, 
and  for  the  others  120°  C,  but  the  actual  vapor  pressures  in  b  with  this 
tube  were  somewhat  less  than  the  saturation  pressures  at  these  tem- 
peratures.^ For  each  curve  the  accelerating  potential  (between  a  and  b) 
is  a  constant,  and  its  value  corrected  for  contact  difference  between  a 
and  b  is  given  for  each  curve;  the  uncorrected  value  is  given  in  paren- 
thesis.^ 

*  Owing  to  condensation  on  colder  walls,  which  was  not  entirely  avoided  in  this  tube. 

*  The  correction  for  contact  difference  between  a  and  b  was  made  by  taking  the  usual 
resonance  curves,  measuring  the  current  to  c.     The  first  peak  occurred  at  6  volts,  instead 
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The  curves  were  photographed  with  the  current  to  e  (ordinate)  as  a 
function  of  the  retarding  potential  between  b  and  e;  in  Fig.  4  the  different 
curves  have  been  so  placed  that  the  corresponding  drops  on  different 
curves  fall  approximately  above  one  another.     The  abscissa  marked  o 
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Fig.  4. 

represents  then  for  each  case  the  potential  of  the  source,  and  the  other 
abscissas  give  the  potential  of  e  relative  to  the  source. 

However,  the  meaning  of  the  curves  is  most  easily  seen,  if  the  scale  of 
abscissas  is  for  the  present  ignored  and  it  is  remembered  that  the  left- 
hand  end  of  any  curve  gives  the  current  to  e  for  no  retarding  potential 
between  b  and  e.^  From  here,  as  we  pass  to  the  right,  the  retarding 
potential  gradually  increases,  the  vertical  rulings  giving  this  potential 
in  two-volt  intervals.  For  instance,  the  curve  labeled  6  (7)  is  for  elec- 
trons with  a  corrected  velocity  as  they  enter  the  region  between  6  and 
c  of  6  volts.     As  we  proceed  from  left  to  right  on  this  curve,  we  find  the 

of  4.9.  and  ionization  at  11.3  instead  of  10.4,  indicating  a  correction  of  one  volt  to  be  applied 
to  the  observed  accelerating  potentials. 

1  That  i"   "'^  i»nr,orcnt  potential  difference — there  is  a  con.act  difference  of  potential. 
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current  at  first  decreases  slightly  until  the  retarding  potential  is  1.3 
volts,  when  it  drops  more  rapidly  to  about  half  its  former  value.  As  the 
retarding  potential  is  further  increased, -the  current  stays  nearly  constant 
(increasing  slightly)  until  a  retarding  potential  of  6.5  volts  is  reached, 
when  it  drops  rapidly  to  zero.  (The  fact  that  it  requires  6.5  volts  to  stop 
6-volt  electrons  is  due  to  a  contact  difference  in  potential  between  b 
and  e,)  Of  the  total  number  of  electrons  passing  through  the  hole  in  d, 
we  see  that  we  continue  to  get  about  half,  with  retarding  potentials  as 
large  as  6.5  volts;  the  other  half  were  lost  with  a  retarding  potential 
some  4.9  volts  less  than  this — this  group  then  had  given  up  4.9  volts  of 
their  initial  energy  by  collision.  The  energy  losses  which  the  electrons 
have  suffered  are  to  be  determined  then  by  counting  back  from  the 
steepest  part  of  the  terminal  drop  at  the  right  end  of  the  curve  to  similar 
points  on  preceding  drops.  Since  the  terminal  drops  come  at  approxi- 
mately zero  on  the  scale  of  abscissas,  these  energy  losses  can  be  read 
directly  from  that  scale. 

The  lowest  curve  was  taken  with  an  accelerating  potential  of  5.8 
(corrected  4.8)  volts,  which  had  been  observed  to  be  just  less  than  the 
potential  at  which  inelastic  collisions  set  in.  It  is  seen  that  in  general 
the  curve  remains  horizontal  until  the  retarding  potential  is  enough  to 
overcome  the  velocity  given  by  the  accelerating  field — that  is,  there  is 
here  no  indication  of  energy  losses  due  to  collisions.  The  slight  drop 
which  occurs  at  first  in  the  curve  and  which  is  found  at  the  beginning  of 
all  the  curves  is  probably  due  to  mercury  vapor  which  it  was  impossible 
to  completely  eliminate  from  e.  The  slight  rise  which  occurs  just  before 
the  terminal  drop  has  been  accounted  for  as  due  to  electron  reflections 
from  e.  Such  a  curve  gives  the  best  direct  evidence  that  we  have  of  the 
elasticity  of  collisions  below  the  resonating  potential. 

The  next  curve^  with  5  (6)  volts*  accelerating  potential  was  (for  the 
fastest  electrons)  just  above  the  resonating  potential,  and  gives  direct 
evidence  of  inelastic  collisions  involving  an  energy  loss  of  approximately 
4.9  volts.  The  slight  drop  at  the  left  end  of  this  curve  is  due  to  electrons 
suffering  such  collisions.  The  6  (7)-volt  curve  also  shows  this  same  energy 
loss,  in  this  case  suffered  by  a  much  larger  proportion  of  electrons.  At 
all  higher  voltages  a  similar  collision  is  evidenced.  Beginning  at  7 
volts  (corrected),  however,  there  are  indications  of  another  type  of 
collision  with  energy  loss  of  5.7  volts.  And  at  8.5  volts  the  expected 
collisions  involving  losses  of  6.7  volts  begin  to  occur,  and  become  more 
pronounced  at  9  volts.     The  next  three  curves  are  taken  above  the  ioniza- 

*  Since  the  general  shape  of  the  curve  w'as  in  some  regions  well  known  from  previous  work, 
and  since  it  was  desired  to  take  these  curves  in  as  rapid  succession  as  possible,  the  dashed 
portions  were  not  actually  observed. 
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tion  point,  and  show  the  extreme  importance  of  the  6.7-voIt  type  of 
collision,  the  4.9-voIt  and  5.7-volt  drops  having  nearly  disappeared.  The 
19-volt  curve  shows  indications  of  an  energy  loss  of  2  X  6.7  volts,  corre- 
sponding to  two  of  the  more  probable  collisions. 

The  upper  two  curves  of  Fig.  4  were  taken  at  higher  vapor  pressures, 
and  show  somewhat  more  pronounced  drops  at  the  critical  potentials. 
The  upper  curve  was  taken  just  above  the  point  at  which  ionization  set 
in,  and  this  shows  that,  at  this  voltage  the  4.9  types  of  collision  have 
become  extremely  improbable. 

The  6.7-volt  type  of  collision  is  then  possible,  and  indeed  above  the 
ionization  point  is  extremely  probable  as  compared  with  the  4.9-volt 
collision.  It  does  not  seem  to  occur,  however,  in  the  cases  of  electrons 
with  velocities  only  slightly  in  excess  of  6.7  volts,  but  first  occurs  to  an 
appreciable  extent  at  8.5  volts.  The  results  are  in  exact  accord  with 
the  hypothesis  set  forth  earlier  in  the  paper.  That  hypothesis  was  there 
seen  to  be  required  to  explain  the  results  of  Mohler,  Foote  and  Meggers; 
the  present  experiment  is  its  direct  proof.  This  completes  the  case  for 
a  6.7-volt  type  of  collision. 

The  distribution  of  velocities  is  more  directly  shown  if  the  slope  of  the 
curves  of  Fig.  4  is  taken  and  plotted  as  a  function  of  the  retarding  poten- 
tial.   Such  curves  are  given  in  Fig.  5.    As  in  Fig.  4  the  curves  are  super- 


Fig.  5. 
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imposed  and  the  scale  of  abscissas,  instead  of  giving  the  retarding 
potential,  gives  directly  the  energy  losses  which  have  been  suffered. 
The  curves  which  are  shown  are  for  electrons  which  before  collision  had 
energies  of  4.8,  7,  9,  and  10.4  volts,  respectively.  The  ordinate  gives 
the  relative  number  of  electrons  which  have  suffered  energy  losses  corre- 
sponding to  any  particular  value  of  the  abscissa.^  The  negative  values 
of  the  ordinates  are  of  course  meaningless,  and  are  due,  as  mentioned 
above,  to  reflection  from  the  walls  of  the  receiving  tube. 

Comparison  with  Spectroscopic  Data. 

Mohler,  Foote  and  Meggers  obtained  resonance  curves  for  cadmium, 
zinc,  magnesium,  and  calcium  similar  to  that  for  mercury.  In  each  of 
these  cases,  then,  there  are  two  types  of  inelastic  collision,  and  in  the 
cases  of  the  first  three  metals  their  curves  show  that  the  conditions  for 
the  two  types  of  inelastic  collisions  are  similar  to  those  which  have  been 
shown  to  exist  for  mecrury. 

Corresponding  to  these  types  of  inelastic  collision,  mercury,  as  is 
well  known,  has  been  found  to  give  a  single  line  spectrum  X  2536,  which 
may  be  obtained  with  an  impact  potential  of  5  volts.  The  line  X  1849 
has  never  been  observed  below  the  ionization  point,  probably  due  to  its 
strong  absorption  by  the  vapor.  For  three  of  the  other  metals  both  lines 
have  been  observed,*  the  line  of  shorter  wave  length  first  appearing  in 
the  case  of  zinc  about  0.4  volt,  in  the  case  of  cadmium  about  0.7  volt, 
and  in  the  case  of  magnesium  0.6  volt  above  the  corresponding  resonance 
potentials.  This  is  in  satisfactory  agreement  with  the  discovery  of  the 
second  type  of  inelastic  impact  by  Mohler,  Foote  and  Meggers,  and  with 
the  present  investigation. 

McLennan  and  Ireton  have  maintained  that  while  the  X  2536  line  is 
the  more  easily  obtained  by  electronic  bombardment,  the  series  whose 
first  member  is  X  1849  is  probably  the  one  which  corresponds  to  some  very 
simple  type  of  electronic  vibration  within  the  atom,  and  is  more  funda- 
mental in  character.  This  view  is  in  accord  with  the  present  results 
which  show  that  though  the  longer  wave  length  is  more  readily  excited 
at  low  voltages,  at  higher  voltages  it  becomes  quite  insignificant  in  com- 
parison with  the  radiation  of  the  second  type. 

The  results  of  Davis  and  Goucher,  who  found  indications  of  strong 
photoelectric  emission  at  6.7  volts,  and  the  more  recent  results  of  Franck 

>  While  too  much  weight  must  not  be  laid  upon  the  exact  values  of  the  ordinates  the 
area  under  the  peaks  give  the  number  of  electrons  which  have  suffered  the  corresponding 
energy  losses. 

*  McLennan  &  Ireton.  Phil.  Mag..  36,  p.  461  (1918);  McLennan,  Proc  Roy.  Soc  A.,  92, 
p.  574  (1916);   Mohler,  Foote  &  Meggers.  Jour.  Opt.  Soc.,  4.  P-  364  (1920). 
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and  Einsporn,  who  also  detected  this  line  among  others,  are  not  to  be 
cleared  iip  in  this  fashion.  The  methods  employed  by  these  writers 
gave  the  potentials  at  which  the  photoelectric  emissions  suddenly  in- 
creased in  value,  and  would  be  quite  unable  to  detect  the  6.7  type  of 
emission  if  it  did  not  begin  until  8.5  volts. 

In  Goucher's  curves  we  find  a  photoelectric  effect  beginning  at  4.9 
volts,  which  increases  several  fold  between  6  and  7  volts,  and  a  second 
quite  sudden  increase  in  the  current  at  9.8  volts.  Perhaps  these  curves 
are  not  to  be  quantitatively  explained.  It  is  certainly  difficult  to  see 
why,  if  the  larger  part  of  the  photoelectric  current  just  below  9.8  volts 
was  due  to  6.7-volt  collisions,  as  the  curves  are  interpreted  to  mean,  so 
large  an  increase  in  current  takes  place  at  9.8  volts  which  corresponds  to 
two  collisions  of  the  4.9-volt  type. 

Franck  and  Einsporn  find  curves  having  the  same  general  shape  as 
those  of  Davis  and  Goucher,  but  with  large  numbers  of  discontinuities  in 
shape.  These  discontinuities,  interpreted  as  spectrum  lines,  agree  won- 
derfully well  with  prominent  mercury  lines.  These  lines  have  never 
been  spectroscopically  observed  under  these  conditions.  There  are 
several  difficulties  which  are  met  when  we  try  to  account  for  the  shape 
of  this  curve,  and  the  lack  of  proportionality  between  the  magnitude  of 
the  photoelectric  effect  and  the  probability  of  inelastic  impact  is  hard  to 
explain — ^yet  the  checks  found  with  spectral  data  are  so  striking  as  to 
make  it  almost  impossible  to  doubt  the  interpretation.  There  remains, 
however,  much  to  be  done  in  correlating  spectroscopic,  photoelectric,  and 
inelastic  impact  data,  and  it  is  not  strange  if  the  present  experiment  does 
not  seem  compatible  with  the  photoelectric  data. 

Other  Inelastic  Potentials. 

Two  features  of  the  present  type  of  tube  seemed  to  make  it  admirably 
fitted  to  detect  other  forms  of  inelastic  collisions  than  those  of  the  4.9- 
and  6.7-volt  type. 

In  the  first  place,  the  resolving  power  of  this  arrangement  should  be 
greater  than  of  that  hitherto  employed.  In  the  usual  form  of  curve, 
the  suddenness  of  the  drop  at  a  critical  potential  largely  depends  upon 
what  function  the  probability  of  inelastic  collisions  is  of  the  velocity. 
These  collisions  do  not  take  place  immediately  as  the  critical  potential 
is  reached,  but  in  increasing  numbers  as  it  is  exceeded.  This  has  just 
been  shown  to  be  strikingly  true  in  the  case  of  6.7-voIt  collisions  and  for 
a  considerable  range  of  voltage  seems  true  for  the  collisions  at  4.9  volts. 
And  equally  serious  is  the  fact  that  the  recovery  from  such  potential  is 
not  immediate  but  distorts  the  curve  seriously  for  several  volts  after 
the  potential  has  been  passed. 
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The  resolving  power  of  the  present  arrangement,  on  the  other  hand, 
is  conditioned  only  by  the  velocity  distribution  of  the  source.  The 
accelerating  potential  may  be  placed  at  a  value  which  will  give  the 
maximum  number  of  collisions  of  the  tjrpe  desired,  and  the  retarding 
potentiafwill  detect  the  number  of  such  collisions  present,  the  drop  being 
completed  in  a  range  equal  to  the  initial  distribution.  This  distribution 
is,  it  is  true,  a  serious  matter,  but  it  is  hoped  that  this  can  be  cut  down 
to  a  small  fraction  of  its  present  value. 

In  the  second  place,  such  a  tube  integrates  the  effects  of  the  different 
types  of  collision,  and  so  even  though  the  initial  potentials  were  too  close 
to  be  observed  separately,  the  presence  of  such  potentials  would  be 
indicated  by  a  gradual  drop  in  the  curve  in  that  region.  Assuming  a 
perfect  tube,  the  curve  will  be  horizontal,  except  at  such  potentials. 

It  has  already  been  seen  that  an  inelastic  collision  appears  to  take 
place,  involving  an  energy  loss  of  about  5.7  volts.  There  is  little  evidence 
of  still  other  types  of  inelastic  collision.  The  region  about  6.7  volts  has 
been  investigated  with  some  care  but  no  consistent  inflections  were  found 
which  could  be  attributed  to  other  lines.  The  gradual  downward  slope 
of  the  curve  in  this  region  probably  should  be  attributed  to  the  imper- 
fections of  the  method,  and  probably  to  the  presence  of  mercury  vapor  in 
the  supposedly  evacuated  region. 

The  drop  at  5.7  volts  is  too  pronounced  to  be  disregarded,  and  to 
some  extent  supports  the  conclusions  of  Franck  and  Einspom,  who,  it 
has  been  remarked,  found  strong  indications  of  spectral  lines  and  weaker 
evidence  of  inelastic  collisions  at  5.45  and  5.7  volts. 

Turning  again  to  spectroscopic  observations,  it  will  be  recalled  that 
the  lines  X  2536  and  X  1849,  corresponding  to  4.9  and  6.7  volts'  impact 
velocity,  have  been  found  to  be  absorption  lines  as  was  to  be  expected 
from  the  theory.  A  group  of  absorption  lines  has  also  been  observed  in 
the  neighborhood  of  2330,  and  also  a  line  at  2140  Angstroms.^  No 
absorption  lines  other  than  these  have  been  observed  by  McLennan  and 
Edwards  above  1849  Angstroms.  These  wave  lengths  correspond  to 
electron  energies  of  5.3  and  5.9  volts,  respectively,  and  agree  with  the 
present  observation  of  an  energy  loss  in  the  neighborhood  of  5.7  volts. 

Collateral  evidence  for  the  existence  of  an  inelastic  collision  in  this 
neighborhood  is  furnished  by  resonance  potential  curves  obtained  by  the 
writer  some  time  ago,  and  which  at  that  time  were  quite  inexplicable, 
as  in  many  features  they  still  are.  These  curves  (Fig.  6)  resemble  in 
many  details  one  published  by  Mohler,  Foote  and  Meggers.     The  peak 

» Wood  &  Guthrie.  Astro.  Journ.,  29,  p.  211  (1909);  McLennan  &  Edwards,  Phil.  Mag.* 
30.  p.  295  (191 5).  McLennan  &  Edwards  failed  to  find  an  absorption  line  at  2140,  but  it  is 
not  dear  that  this  was  not  due  to  experimental  difficulties. 
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appearing  at  9  volts  corresopnds  to  one  which  they  attributed  tentatively 
to  X  1435.6  or  X  1402.7.     Interestingly  enough,  this  curve  shows  a  pro- 
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Fig.  6. 

nounced  maximum  at  5.8  volts,  which  may  be  supposed  to  correspond  to 
that  placed  at  5.7  volts  from  the  velocity  distribution  curves. 

Ionization. 

In  contradiction  to  the  generally  accepted  belief  concerning  the  phe- 
nomena taking  place  at  the  ionization  point,  the  curves  of  Fig.  4  give  no 
indication  of  a  loss  of  10.4  volts  of  energy.  No  evidence  for  such  a  loss 
exists  elsewhere.^  The  10.4-volt  inflection  in  the  usual  form  of  ionization 
curve  which  indicates  ionization,  does  not  reoccur  at  20.8  volts,  and  it 
has  been  suggested  elsewhere  that  this  may  mean  that  ionization  does 
not  involve  a  loss  of  a  definite  amount  of  energy  in  the  same  manner  that 
a  resonating  collision  does.  The  absence  of  the  inflection  at  20.8  volts 
cannot  be  considered  conclusive  evidence  in  the  matter,  however,  as  the 
experimental  conditions  make  it  quite  likely  that  the  double  collisions 
necessary  to  give  this  inflection  would  be  very  improbable,  and  if  occur- 
ring be  difficult  to  detect. 

It  would  be  quite  in  accord  with  the  Bohr  theory  if  energy  was  absorbed 
above  the  ionization  point  in  any  amount  above  that  just  required  for 
ionization.  As  long  as  the  excited  electron  stays  attached  to  the  atom,  its 
energy  absorption  is  definitely  fixed  by  the  energy  of  an  initial  and  a 
final  position.  But  a  free  electron  may  have  any  velocity,  and  so  it  is 
quite  in  line  with  the  theory  that  a  19-volt  electron,  say,  should  lose  any 
part  or  all  of  its  energy;  if  it  lost  all  of  its  energy,  the  emitted  electron 
would  have  19  —  10.4  =  8.6  volts  of  energy  after  emission,  and  this 

>  Except  some  recent  results,  as  yet  unpublished,  of  Noyes  and  Gibson,  which  seem  to 
indicate  that  such  a  loss  does  occur. 
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effect  would  be  indistinguishable  from  the  case  in  which  the  primary 
electron  lost  10.4  volts  and  the  secondary  electron  had  zero  velocity; 
if  it  loses  energy  in  any  random  amount  over  10.4  volts,  the  emitted 
electron  must,  by  this  accepted  theory,  have  enough  to  make  the  sum 
of  the  two  remanent  energies  8.6  volts.  The  first  case  leads  us  to  expect 
a  sudden  drop  in  the  curve  at  10.4  volts  from  the  terminus,  and  another 
at  zero  retarding  potential.  The  second  case  would  be  shown  by  a 
curve  which  gradually  drops  in  the  region  from  zero  to  8.6  volts  retarding 
potentials,  and  at  8.6  volts  (with  a  perfect  tube)  becomes  horizontal, 
or  at  least  has  a  change  in  slope  at  this  point.  Neither  is  in  accord  with 
the  results  of  this  experiment.  It  is  true  that,  though  the  curves  do  not 
have  the  change  in  slope  we  should  expect  at  the  ionizing  point  on  the 
curves,  they  do  have  a  continued  drop,  which  has  been  accounted  for  by 
the  presence  of  mercury  in  the  region  from  ctoe.  It  is  possible  that  this 
is  rather  the  effect  for  which  we  are  looking,  the  drop  being  continued 
below  the  ionizing  point  by  a  miscellany  of  critical  potentials  in  that 
region  which  have  not  been  resolved. 

To  test  this  very  important  point,  another  tube  was  designed  with  a 
view  to  more  immediate  removal  of  the  mercury  which  passes  through 
the  holes,  to  eliminate  as  far  as  possible  the  reflection  of  electrons,  and 
to  make  it  possible  to  check  the  behavior  of  the  tube  by  taking  con- 
ventional ionization  curves.  This  is  the  tube  which  has  been  described 
(Fig.  3).  The  observations  discussed  in  the  above  sections  have  all  been 
checked  with  this  tube. 

It  has  been  possible,  under  suitable  conditions,  with  this  tube  to 
obtain  curves  which  were  practically  horizontal  except  at  the  critical 
potentials.     The  upper  curve  of  Fig.  7  is  a  typical  velocity  distribution 
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Fig.  7. 
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curve  in  vacuum.  The  other  curves  are  for  16.5-volt  electrons  with  the 
mercury  at  90°.  The  cylinders  d  and  e  had  been  heated  for  some  hours 
to  drive  out  mercury  as  far  as  possible;  during  the  observations  they 
were  cold. 

By  taking  ionization  curves  by  the  usual  method,  measuring  the 
current  to  /,  it  was  ascertained  that  strong  ionization  was  taking  place 
under  these  conditions. 

Several  curves  were  taken  with  a  view  to  detecting  energy  losses 
greater  than  6.7  volts  and  these  are  given  in  the  figure,  with  the  current 
plotted  against  the  retarding  potential.  From  one  of  these  curves  (the 
upper  one)  the  slopes  have  been  taken  and  the  lowest  curve  of  the  figure 
shows  these  slopes  plotted  as  a  function  of  the  retarding  potential.  The 
curves  all  drop  during  the  first  volt;  and  two  of  the  curves  show  another 
slight  drop  at  about  3  volts.  The  current  then  remains  constant  until  a 
retarding  potential  of  about  9  volts  is  reached,  when  a  drop  occurs  which 
is  due  to  electrons  which  have  made  a  6.7- volt  collision.  A  much  smaller 
drop  occurs  at  11  volts,  attributable  to  collisions  of  the  4.9- volt  type. 
The  drop  which  occurs  in  two  of  the  curves  at  about  3  volts  can  be 
accounted  for  as  due  to  two  collisions  of  the  6.7- volt  type.  Between  3 
and  9  volts  the  curves  show  no  decrease  in  the  current  with  increasing 
retarding  potential  and  so  are  in  contradiction  both  with  the  view  that 
a  loss  of  exactly  10.4  volts  occurs  at  ionization  and  that  a  loss  of  energy 
in  random  amounts  above  this  value  can  occur,  with  a  transfer  of  the 
excess  over  that  needed  for  ionization  to  the  secondary  electron.  The 
first  view  would  lead  us  to  expect  a  sudden  drop  in  the  curve  between 
5.5  and  6.5  volts;  from  the  second  we  would  expect  a  gradual  decrease 
in  current  in  the  region  from  o  to  6  volts*  retarding  potential. 

On  all  of  the  curves  a  slight  drop  is  to  be  observed  with  small  retarding 
potentials  (i  volt)  and  the  same  effect  is  seen  in  curve  11  (12)  of  Fig.  4. 
This  indicates  a  number  of  very  slow  electrons  present  after  collision. 
It  is  not  to  be  expected  that  these  current  drops  will  be  large,  because  the 
slow  electrons  which  are  here  being  measured  will  quite  likely  combine 
with  the  positive  ions  present  before  they  reach  the  hole  in  c.  However, 
if  c,  d,  and  e  are  given  a  slight  accelerating  potential  with  respect  to  h 
(J  volt),  we  should  expect  to  get  more  of  them,  and  in  fact  it  is  observed 
that  under  these  conditions  the  current  to  e  is  greatly  increased,  perhaps 
twenty-fold.  The  current  is  reduced  to  its  normal  value,  unless  e  is 
slightly  accelerating.  Such  a  phenomenon  is  only  to  be  observed  with 
accelerating  potentials  sufficient  for  ionization.  This  shows  that  there 
are  indeed  present  at  ionization  a  large  number  of  electrons  with  zero 
velocity.     Whether  such  electrons  are  the  primary  ones  from  the  cathode, 
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or  those  released  at  ionization,  cannot  be  directly  determined.  However, 
since  Fig.  7  shows  that  a  total  loss  is  the  only  loss  greater  than  6.7  volts 
which  occurs,  we  may  suppose  that  both  primary  and  secondary  electrons 
are  represented  in  this  group;  that  is,  that  after  an  ionizing  collision, 
both  primary  and  secondary  electrons  have  zero  velocity. 

This  conclusion  seems  to  disagree  with  the  Bohr  theory,  but  perhaps 
this  disagreement  is  not  insuperable.  Immediately  after  the  removal  of 
an  electron  from  the  atom  it  is  conceivable  that  the  remaining  electrons 
do  not  have  stable  configurations  and  are  quite  easily  displaced.  Possi- 
bly after  the  electron  strikes  the  atom  and  removes  one  electron,  it  may 
use  its  remaining  energy  in  displacing  other  electrons  in  the  now  less  stable 
ion.  If  the  conclusion  drawn  from  the  experiment  is  to  be  accepted  as 
valid,  by  some  such  picture  as  this  it  is  possible  to  remove  the  discord 
with  the  Bohr  theory. 

Professor  Wood  ^  has  found  that  above  the  limit  of  the  principal  series, 
the  light  absorption  of  a  vapor  becomes  continuous.  Such  light  should 
produce  ionization,  and  this  has  indeed  been  shown  to  be  the  case  in  an 
investigation  which  has  just  been  completed  by  R.  C.  Williamson.  This 
continuous  absorption  of  light  for  frequencies  greater  than  the  limit  of 
the  principal  series  presents  an  obvious  parallel  to  the  continuous  absorp- 
tion of  energy  of  the  electron  when  its  energy  is  above  the  ionizing 
potential.  It  is  a  very  interesting  question  whether  the  emitted  electron 
in  this  photoelectric  ionization  has  an  energy  at  emission  corresponding 
through  the  hv  relation  to  the  amount  by  which  the  frequency  of  absorbed 
light  exceeds  the  limiting  frequency  of  the  principal  series.  Such  has 
been  our  general  view,  but  if  the  parallel  with  the  present  results  is  perfect, 
these  emitted  electrons  should  have  a  zero  velocity. 

Conclusions. 
The  principal  results  which  have  been  obtained  from  an  examination 
of  the  residual  energies  after  collisions  of  electrons  in  mercury  vapor  are: 

1.  The  discovery  by  Mohler,  Foote  and  Meggers  of  a  resonance 
potential  involving  an  energy  loss  of  6.7  volts  has  been  confirmed.  It 
has  been  shown  that  while  this  collision  does  not  occur  below  8.5  volts, 
at  voltages  above  the  ionizing  point,  this  type  of  collision  attains  over- 
whelming importance  in  comparison  with  the  collisions  of  the  4.9-volt 
type. 

2.  It  is  probable  that  inelastic  collisions  involving  an  energy  loss  of 
about  5.7  volts  also  occur,  checking,  to  this  extent,  with  the  conclusions 
of  Franck  and  Einsporn.     The  absorption  lines  which  have  been  found 

»  Phil.  Mag.,  18,  p.  531  (1909). 
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in  the  spectrum  of  mercury  support  this  view.  Inelastic  collisions 
corresponding  to  the  other  photoelectric  lines  of  Franck  and  Einsporn 
have  not  been  found. 

3.  At  ionization  the  electron  loses  its  total  energy,  even  though  this 
much  exceeds  the  ionizing  potential.     The  electron  which  is  the  product 
of  the  ionization  seems  likewise  to  have  a  negligible  energy. 
University  of  Wisconsin. 
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ELECTRICAL   CONDUCTION  ACROSS  MINUTE  AIR-GAPS. 

By  Jambs  W.  Broxon. 

Synopsis. 

Electrical  Conduction  across  Minute  Air-gaps, — Ab  some  results  obtained  by 
R.  W.  Wood  are  at  variance  with  those  of  other  observers,  further  experiments 
seemed  desirable  in  which  the  separation  of  the  metallic  electrodes  was  determined 
optically.  Therefore,  two  optical  surfaces  of  nearly  the  same  curvature  were  made 
conducting  by  depositing  gold  upon  them  by  cathode  discharge  and  were  supported 
so  as  to  be  nearly  in  contact.  Then,  as  the  upper  one  was  semi-transparent,  the 
distance  apart  was  determined  by  the  interference  rings  produced  by  light  of  wave- 
length 0.546  ft.  Using  voltages  of  from  1.5  to  60,  the  minimum  distance  at  which 
no  conduction  took  place  and  the  maximum  distance  at  which  conduction  occurred 
were  observed.  Both  these  distances  varied  from  less  than  a  wave-length  to  several 
wave-lengths.  In  some  cases  the  resistance  of  the  gap  during  conduction  was 
measured;  it  was  found  to  obey  Ohm's  law  and  to  be  unaffected  by  radiation  from 
3  mg.  of  radium.  The  results  suggest  that  the  conduction  was  due  to  small  pro- 
jections from  the  electrodes  or  to  dust  particles.  No  disruptive  discharge  took  place 
even  when  the  potential  gradient  rose  to  640,000  volts/cm.,  probably  because  the 
potential  was  less  than  the  minimum  which  previous  researches  had  indicated  is 
necessary. 

Existence  of  electron  atmospheres  at  metallic  surfaces^  which  was  suggested  by 
R.  W.  Wood  to  explain  his  experiments,  seems  very  doubtful  in  view  of  the  above 
results.  At  any  rate,  the  atmosphere  cannot  extend  more  than  one  fourth  wave- 
length or  0.14  M  beyond  the  molecular  surfaces  of  the  gold  electrodes. 

SOME  time  ago  R.  W.  Wood  ^  performed  experiments  which  provided 
strong  evidence  of  the  existence  of  a  medium,  presumably  an 
atmosphere  of  free  electrons,  capable  of  carrying  electric  currents  between 
differences  of  potential  of  the  order  of  one  volt  and  extending  beyond 
the  molecular  surface  of  a  metal  through  a  distance  as  great  as  thirty 
wave-lengths  of  sodium  light.  Not  only  were  these  results  at  variance 
with  those  of  previous  experimenters  with  small  gaps  (Carr,*  Shaw,' 
Almy,*  Williams,^  etc.  .  .  .)  who  found  evidence  that  as  a  gap  in  an 
electric  circuit  is  made  very  small  there  exists  a  minimum  potential 
of  the  order  of  350  volts  which  can  cause  a  current  to  flow  without 
actual  contact,   but  Brown,*  Englund,^  and  Householder*  have  since 

1  Phil.  Mag.  (6),  24,  p.  316,  1912;  R.  W.  Wood. 

*  Proc.  Roy.  Soc.,  LXXL,  p.  374,  1903;  W.  R.  Carr. 

» Proc.  Roy.  Soc.,  LXXIIL,  p.  337.  1904;   P-  E.  Shaw. 

*  Phil.  Mag.  (6),  16,  p.  456,  1908;  J.  E.  Almy. 

»  Phys.  Rev.,  31.  p.  216,  1910;  E.  H.  Williams. 
«  Phys.  Rev.  (2),  2,  p.  314.  1913;  F-  C.  Brown. 
^  Phil.  Mag.  (6),  27,  p.  457,  1914;   C.  R.  England. 
"  Phys.  Rev.  (2),  4,  p.  47,  1914;  F.  F.  Householder. 
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performed  experiments  dealing  directly  with  the  question  and  have 
secured  negative  results.  It  is  important  to  observe,  however,  that  in 
practically  every  instance  the  point  of  actual  molecular  contact  (if  one 
may  say  that)  was  established  by  electrical  means,  thus  eliminating  the 
true  field  of  experimentation,  for  by  this  means  it  could  only  be  deter- 
mined that  a  continuous  circuit,  perhaps  partially  composed  of  an  atmos- 
phere of  free  electrons,  had  been  established.  This  objection  can  not 
be  offered  against  the  work  of  Brown  and  Householder,  but  in  the  one 
case  perfect  insulation  could  not  be  obtained  across  a  gap  of  less  than 
nine  wave-lengths,  and  in  the  other  the  actual  areas  of  the  opposed  elec- 
trodes were  exceedingly  small,  and  no  statement  was  made  concerning 
the  precautions  taken  to  insure  conductivity  at  all  parts  of  the  circuit 
other  than  the  one  under  investigation. 

Because  of  these  considerations,  it  was  suggested  by  Dr.  W.  F.  G. 
Swann  that  the  problem  be  investigated  by  a  method  which  should 
reproduce  as  nearly  as  possible^  the  conditions  under  which  Wood  found 
the  effect  most  noticeable  and  which  should  at  the  same  time  eliminate 
difficulties  involved  in  other  methods  used.  The  writer  was  able  to  do 
this  in  the  following  manner: 

Care  was  taken  to  select  a  double-convex  and  a  double-concave  lens 
such  that  a  very  regular  series  of  Newton's  rings  could  be  secured  at 
whatever  place  the  lenses  were  brought  into  contact.  After  a  heavier 
ring  had  been  deposited  about  its  edge,  one  surface  of  each  lens  was  then 
completely  covered  with  a  deposit  of  gold  thrown  down  in  a  vacuum. 
A  concave  surface,  of  about  206  cm.  radius  of  curvature  and  3  cm. 
diameter,  was  covered  with  a  film  rather  heavier  than  that  known  as 
semi-transparent,  while  a  convex  surface  of  about  127.5  cni.  radius  of 
curvature  and  5  cm.  diameter  was  covered  with  a  film  which  was  quite 
transparent. 

A  partial  cross-sectional  diagram  of  the  apparatus  made  to  hold  the 
electrodes  and  to  adjust  the  extent  of  their  separation  is  shown  in  Fig.  i. 
The  base  of  the  instrument  consisted  of  two  brass  rings  about  4  mm. 
thick  and  with  external  diameters  of  10  cm.,  held  rigidly  separated  at  a 
distance  of  2.5  cm.  by  stout  brass  rods.  The  upper  surface  of  the  second 
ring  was  made  with  a  raised  collar  about  its  inner  circumference,  the  top 
of  this  being  cut  down  until  the  remaining  ledge  supported  the  concave 
lens  with  its  gilded  surface  well  above  any  portion  of  the  ring.  At  one 
place  an  incision  was  made  in  the  collar  to  enable  a  small  clamp,  fastened 
to  the  lower  side  of  the  second  ring  and  extending  up  along  the  cylindrical 
side  of  the  lens,  to  hold  a  small  piece  of  tin  foil  tightly  against  that  side 
without  exposing  any  metal  at  an  altitude  as  great  as  that  of  the  upper 
surface  of  the  lens. 
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The  convex  lens  was  held  similarly  in  a  third  ring  with  its  gilded  surface 
down,  the  diameter  of  the  lens  being  sufficiently  large  that  its  supporting 
clamps  were  further  separated  from  the  second  ring  than  was  the  upper 
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Fig.  1. 

film  from  the  lower.  The  third  ring  was  supported  above  and  insulated 
from  the  rest  of  the  instrument  by  brass  rods  which  turned  freely  in  the 
base  and  passed  through  threaded  bone  plates  fastened  to  the  ring. 
Adjustments  were  made  either  by  heating  the  rods  last  mentioned  or  by 
turning  them.  While  backlash  was  largely  eliminated  by  insulated 
spiral  springs,  there  was  still  sufficient  freedom  to  enable  the  films  to  be 
brought  into  contact  at  any  point  desired. 

By  means  of  a  small  plate  of  glass  placed  in  a  frame  at  an  angle  of 
45  degrees  to  the  planes  of  the  rings,  the  green  light  from  a  mercury  arc 
lamp  was  reflected  against  the  lenses  so  that  a  system  of  Newton's  rings 
was  formed  by  reflection  from  the  two  gold  films.  In  effect,  then,  two 
sections  of  very  smooth  thin  spherical  gold  shells  could  be  made  to 
approach  each  other  in  a  uniform  manner.  The  center  of  the  system  of 
rings  formed  was  observed  through  a  traveling  microscope  between 
parallel  hairs.  Metallic  contact  was  taken  as  occurring  when  the  center 
of  the  system  remained  light  and  spread  out  over  the  field  when  greater 
pressure  was  exerted  upon  the  lenses.  As  the  thumbscrews  were  turned 
in  a  direction  which  would  separate  the  films,  each  change  in  the  center 
of  the  system  from  light  to  dark  or  from  dark  to  light  indicated  an 
increase  of  one  fourth  wave-length  between  the  points  on  the  films 
nearest  contact.  The  monochromatic  filtered  line  used  was  .546/1. 
Future  reference  to  "wave-length"  will  be  taken  as  indicating  this 
distance. 

The  apparatus  holding  the  films  was  first  connected  as  the  unknown 
resistance  in  a  Wheatstone  net  with  a  very  sensitive  galvanometer,  and 
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the  resistance  of  the  gap  was  measured  as  its  magnitude  was  varied. 
Observations  made  when  true  metallic  contact  had  been  made  certain 
in  the  manner  described  showed  the  resistance  to  be  quite  constant  under 
such  conditions,  varying  only  as  points  of  contact  between  the  films 
varied  in  their  distance  from  the  conducting  clamps.  Observations  of 
the  resistance  of  the  gap  were  then  made,  usually  at  every  quarter  wave- 
length increase  in  the  shortest  distance  between  the  films.  Readings 
secured  in  this  manner  are  given  in  Tables  VII.,  VIII.,  IX.,  and  X. 
The  potential  applied  was  1.4  volts,  supplied  by  one  dry  cell.  Infinite 
resistance  in  these  tables  is  taken  to  mean  that  the  resistance  was  greater 
than  9,000,000  ohms. 

Tables. 

In  the  following  tables  a  row  labelled  (A)  contains  the  values  of  the 
magnitudes  in  wave-lengths  of  the  gaps  at  which  conduction  ceased, 
while  one  labelled  (B)  indicates  the  corresponding  values  for  the  re- 
sumption of  conduction. 

Table  I. 

(A)   2J,  1.  10,  2i.  21.  13i,  31.  li,  3i,  ij.  2j.  Ij,  3.  2j.  3j.  3}. 


(A)  1).  3).  1}.  2}.  1}.  3.  2i.  3i.  2 

(B)  li,  4. 


Table  IL 

7.  3},  9i.  6,  3j.  8,  2  .  6j.  li.  li.  li,  2i.  4i,  2  .  2 


7i.   3i,  2,  li,  li,  li.  li.  1  .  If.  2  .  li,  li. 

Table  III. 


(A)  li.  21.  1,  1.  1.  1.  li.  3i.  5i.  3i.  2i. 

(B)  ii.   1.  li.  2i.  41.  31.   . 


(A)  3.  2,  2  .  3  .  2  .  3  .  2.  2  .  li,  2-. 

(B)  2.  1.  li.  2i.  li,  li.  1.  li.  1  .  li. 


Table  IV. 


Table  V. 


Volts. 

Amperes. 

Ohms. 

.06 

.00066 

91 

.07 

.00070 

100 

.10 

.00060 

166 

.155 

.00086 

174 

.20 

.00120 

166 

.175 

.00105 

157 

.22 

.00130 

170 

.23 

.00135 

170 

.24 

.00140 

170 

.25 

.00170 

150 

1.238 

.00820 

150 

1.345 

.00840 

160 
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Table  VI. 


In  row  (C)  of  this  table  are  given  the  magnitudes  in  wave-lengths  of  the  gaps  across  which 
the  higher  voltage  discharges  occurred. 

(For  Preliminary  Potential  Differences.) 
(Volts)  3  ,  3  ,  4  .  4  .  3  .  4}.  3f,  31.  2i  3i,  3  .  3  .  3}.  3§,  3.  3  .  3  ,  4  . 

(A)  Ij,  41.  2i.  3  ,  li.  2  ,  2  .  Ij,  2  ,  2i,  1},  4  .  21.  1}.  2,  2  .  2  ,  3l. 

(B)  ,2,1.  11,  1}.  11.  1  ,    1,  ll.  IJ.  1  .  21.  1}.  1  ,  1,  ll,  ll.  li 

(For  Higher  Potential  Differences.) 
(Volts)  40,  23,  30,  40.  31.  40,  38,  60,  64,  27.  70.  60.  53.  36.  36,  25.  15.  67. 
(O  21.    2.  31.  1}.    2.  li.  41.    2,  ll.  2}.    3.  2l.  l^    1.  ll.  ll,  5l. 

In  Tables  VII.,  VIII.,  IX.,  and  X.,  row  (D)  gives  the  magnitude  of 
the  gap  in  wave-lengths,  while  row  (£)  gives  the  respective  resistances 
in  ohms. 

Table  VII. 

(D)  0  .}.  1.    1.     1.  li.  ll.  li    2.  2i.  21. 

(E)  8-.  8.  9.  91.  91.  10.  11.  13.  15,  50,  inf. 

Table  VIII. 

(D)  0,         i.         1.         1.       U. 

(E)  13.4;  23.6;  29.4;  31.8;  inf. 

Table  IX. 

(D)  0.       i.        1.        i.  1.  li.  11. 

(E)  19;  45.7;  65.5;  200;  40.000;  3.000,000;  inf. 

Table  X. 

(D)     0.        i.       1.       }.        1.       li.       11.       1}.      2.      2i.      21.       31.         4, 
(£)    16.4;  19.6;  21;  23.1;  25.2;  28.8;  31.7;  34.7;  37;  37.5;  45.8;  4.600;  9.999; 

(Continued.) 

(D)  41.  5,  51.  6.  61,  7.  8i.  8l.  9l. 

(E)  14.100;  20.000;  33.000;  160.000;  250.000;  450.000;  1.200.000;  3.200.000;  inf. 

With  certain  films,  conduction  continued  in  some  cases  until  the  films 
had  been  separated  more  than  50  wave-lengths.  The  magnitude  of 
the  distance  of  separation  of  the  electrodes  for  cessation  of  conduction 
varied  greatly  with  the  points  on  the  electrodes  nearest  contact,  but  it 
was  impossible  to  bring  some  films  within  three  wave-lengths  of  each  other 
without  conduction.  It  was  only  after  repeated  trials  with  the  making 
of  the  deposits  and  with  particular  care  to  keep  the  films  at  all  times 
protected  from  dust  particles  that  films  were  secured  which  could  be 
brought  very  nearly  together  without  conduction. 

In  order  to  obtain  an  indication  of  the  nature  of  the  medium  providing 
conduction  across  the  gaps,  a  test  of  Ohm*s  law  was  made  for  a  constant 
gap  of  about  2f  wave-lengths  at  which  there  was  a  considerable  resistance. 
The  electrodes  were  connected  in  series  with  a  milliammeter,  and  various 
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voltages  applied,  the  potentials  being  determined  by  a  voltmeter  con- 
stantly shunted  across  the  gap.     The  results  are  given  in  Table  V. 

For  the  same  reason,  the  electrodes  were  left  separated  by  a  constant 
gap  whose  resistance  was  about  25.5  ohms,  and  3  milligrams  of  radium 
contained  in  a  lead  case  with  a  small  slit  were  brought  from  a  distant 
room  to  a  position  very  near  the  electrodes.  No  change  could  be 
observed  in  the  resistance  of  the  gap. 

It  should  be  noted  that  the  question  of  chief  significance  is  not  across 
how  large  an  apparent  gap  conduction  could  be  observed,  but  how 
nearly  the  electrodes  could  be  made  to  approach  without  conduction. 
Since  the  films  were  observed  to  be  continuous  over  the  whole  opposed 
surfaces  of  the  lenses,  and  since  considerable  areas  were  separated  by 
practically  the  same  minimum  distances,  if  any  one  spot  could  be  found 
at  which  the  electrodes  could  be  brought  within  two  wave-lengths  of  each 
other  without  conduction,  and  if  it  were  certain  that  the  remainder  of 
the  circuit  were  complete  at  the  same  time,  this  one  observation  would 
be  sufficient  to  show  that  there  could  not  be  a  general  and  uniform  atmos- 
phere of  free  electrons  extending  more  than  one  wave-length  above  each 
metal  surface,  and  conduction  across  apparently  greater  gaps  at  other 
places  could  be  explained  by  a  probable  roughness  of  the  surfaces. 

Because  of  this  consideration,  observations  were  made  of  the  magnitude 
of  the  gaps  necessary  for  no  conduction,  without  finding  the  values  of 
the  resistance  during  the  intermediate  steps.  The  films  were  first 
brought  into  contact  and  conduction  assured.  Then  they  were  gradually 
separated  and  the  point  noted  at  which  conduction  ceased.  Causing  the 
electrodes  to  approach  in  such  a  manner  that  the  point  nearest  contact 
should  remain  as  nearly  as  possible  the  same  throughout  the  observation, 
the  films  were  next  made  slowly  to  approach  each  other,  and  the  magni- 
tude of  the  gap  at  which  conduction  was  resumed  was  noted.  Such 
observations  were  made  at  various  places  over  the  areas  of  the  films. 
Readings  secured  in  this  manner  are  given  in  Tables  I.,  II.,  and  III. 
In  each  the  potential  difference  applied  was  1.4  volts,  with  the  exception 
of  the  last  ten  readings  in  Table  II.,  which  were  taken  with  2.8  volts. 

As  a  check,  similar  observations  were  made  in  a  different  manner. 
The  electrodes,  one  dry  cell,  and  the  sensitive  galvanometer  were  con- 
nected in  series,  and  the  positions  for  no  conduction  were  taken  as  those 
positions  at  which  no  deflection  of  the  galvanometer  could  be  observed 
when  the  circuit  was  closed.  It  should  be  noted  that  before  or  after 
each  reading  conduction  was  secured  by  bringing  the  films  into  contact, 
thus  making  sure  that  the  lack  of  conduction  was  not  due  to  a  break  in 
any  other  portion  of  the  circuit.  Readings  secured  in  this  way  are  given 
in  Table  IV. 
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It  was  next  decided  to  find  just  how  large  potential  diflferences  must  be 
applied  in  order  to  break  down  the  resistance  of  the  very  short  gaps 
which  proved  insulators  for  small  voltages.  A  rheostat  of  considerable 
resistance  was  connected  directly  in  a  D.C.  circuit.  Between  one  end 
of  this  and  the  sliding  contact  were  shunted  the  electrodes,  a  resistance 
of  62,000  ohms,  and  the  galvanometer,  all  in  series.  A  voltmeter  was 
left  permanently  shunted  across  the  same  two  points.  The  films  were 
first  brought  together  and  conduction  established  with  very  low  voltages. 
They  were  then  slowly  separated  and  the  positions  at  which  conduction 
ceased  were  noted,  after  which  they  were  brought  together  with  the  same 
voltage  and  the  positions  at  which  conduction  was  resumed  were  deter- 
mined. When  a  spot  had  been  found  in  this  way  where  the  electrodes 
could  be  made  to  approach  very  closely  without  conduction  with  low 
voltages,  they  were  separated  to  a  distance  just  greater  than  that  at 
which  conduction  with  low  voltages  was  known  to  occur,  and  the 
magnitude  of  the  gap  kept  constant.  The  applied  voltage  was  then 
very  slowly  increased.  It  was  found  that  as  the  potential  was  increased 
the  electrostatic  attraction  between  the  electrodes  became  so  great  that 
they  were  drawn  together,  but  by  observing  the  rings  the  distance  of 
separation  at  any  instant  could  be  discerned.  By  waxing  a  weight  to 
the  lower  surface  of  the  lower  lens,  and  by  slowly  turning  the  thumbscrews 
jn  a  direction  tending  to  separate  the  electrodes  as  the  potentials  were 
increased,  the  magnitude  of  the  gap  could  be  kept  quite  constant.  Since 
this  magnitude  could  be  continuously  observed,  the  electrodes  were 
sometimes  separated  by  a  distance  greater  than  that  at  which  it  was 
desired  to  test  the  discharge  potential,  and  then  allowed  to  drift  down 
to  that  distance,  the  extent  of  the  gap  across  which  conduction  first 
occurred  being  noted  in  each  case.  Although  conduction  was  under- 
stood to  have  taken  place  whenever  the  galvanometer  began  to  be  de- 
flected, tiny  clicking  sounds  could  sometimes  be  distinguished  when  the 
gap  was  considerably  greater  than  that  across  which  general  conduction 
occurred. 

From  the  readings  given  in  Tables  I.,  II.,  III.,  IV.,  and  VI.,  it  is  seen 
that  with  applied  potentials  of  the  order  of  a  volt,  it  was  possible  to  bring 
the  electrodes  so  close  together  that  their  nearest  points  were  separated 
by  a  gap  of  one  half  wave-length  before  conduction  took  place.  This 
shows  that  at  these  points,  and  necessarily  over  a  considerable  area 
surrounding  them,  no  medium  conducting  at  such  potential  differences 
could  have  extended  farther  than  one  fourth  wave-length  beyond  the 
metallic  surface  of  each  electrode. 

It  should  be  noted  that  when  conduction  was  first  established  by 
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bringing  the  electrodes  into  contact,  after  which  they  were  slowly 
separated,  conduction  persisted  in  most  cases  across  a  much  larger  gap 
than  that  at  which  conduction  was  resumed,  although  great  care  was 
taken  that  the  point  nearest  contact  during  the  approach  should  be  the 
same  as  that  during  the  separation.  Such  a  lag  might  be  explained 
by  the  presence  of  long  dust  particles  which  would  adhere  to  the  two 
surfaces  as  they  were  being  separated  but  which,  after  the  circuit  had 
been  broken,  would  fall  down  so  that  the  upper  lens  must  descend  much 
lower  before  reestablishing  contact.  Or  we  might  suppose  that  the 
particles  were  distended  due  to  the  electrostatic  forces  acting  upon  them. 
It  would  be  difficult  to  conceive  of  such  a  pronounced  effect  with  a 
uniformly  distributed  medium. 

When  the  magnitude  of  a  gap  was  left  constant  and  the  current 
measured  for  various  potential  differences,  the  ratio  of  the  potential 
difference  to  the  current  was,  as  shown  in  Table  V.,  as  nearly  constant  as 
might  be  expected  in  the  case  of  a  metallic  conductor,  if  one  considers 
the  possibility  of  vibrations  of  the  electrodes  and  the  accuracy  with 
which  the  ammeter  and  voltmeter  could  be  read. 

Tables  VII.,  VIII.,  IX.,  and  X.  were  included  as  representative  of 
the  manner  in  which  the  low  voltage  conductance  varied  with  the 
magnitude  of  the  gap.  If  the  relative  variation  be  represented  by  curves, 
it  will  be  seen  (from  those  representing  the  data  in  VII.  and  VIII.)  that 
the  conductivity  may  vary  in  a  random  manner  with  the  extent  of  the 
gap.  Those  for  IX.  and  X.,  however,  have  a  considerable  regularity  and 
the  curve  (Fig.  2)  drawn  from  the  data  in  X.,  in  which  the  logarithm  of 
the  resistance  is  plotted  against  the  magnitude  of  the  gap,  shows  that 
there  were  three  distinct  phases  in  the  variation  of  the  conductivity  in 
this  particular  case.  If  the  conduction  here  is  to  be  explained  in  terms  of 
electron  atmospheres,  it  would  seem  that  we  must  grant  them  the 
privilege  of  existing  in  three  distinct  layers. 

It  would  be  much  more  natural  to  conclude  that  the  conduction  was 
due  to  dust  particles  of  different  dimensions. 

It  may  be  noted  that  in  the  case  of  reading  no.  (15),  Table  VI.,  the 
potential  gradient  for  discharge  if  we  consider  the  gap  to  be  the  distance 
between  the  reflecting  surfaces  of  the  films,  was  about  640,000  volts/cm., 
while  if  we  consider  the  gap  to  be  merely  the  increase  over  the  largest 
which  provided  conduction  at  low  potentials,  the  gradient  was  prac- 
tically infinite.  When  compared  with  the  30,000  volts/cm.  required 
for  discharge  across  large  air-gaps,  this  seems  significant  in  its  relation 
to  the  minimum  discharge  potential  theory. 

Because  of  the  fact  that  the  two  electrodes  could  be  brought  within 
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a  distance  of  from  one  to  one  half  wave-length  from  each  other  without 
conduction  with  applied  potential  diflferences  as  high  as  36  volts,  it  seems 
that  a  uniform  atmosphere  of  free  electrons  conducting  for  low  voltages 
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Fig.  2. 

can  not  extend  more  than  half  that  distance  beyond  the  true  metallic 
surface  of  a  gold  electrode. 

Because  of  the  fact  that  Ohm's  law  held  for  a  considerable  gap,  because 
the  proximity  of  radium  produced  no  effect  upon  the  conductance  of  the 
gap,  because  conduction  persisted  over  a  longer  gap  upon  separation  than 
that  across  which  it  was  resumed  when  the  electrodes  were  brought 
together,  because  electrodes  could  be  brought  nearer  contact  without 
conduction  when  particular  care  was  taken  to  keep  them  entirely  free 
from  dust,  because  of  the  tiny  clicks  heard  during  the  operations  made 
in  securing  the  data  for  Table  VI.  before  general  conduction  was  observed, 
and  because  of  the  peculiar  forms  of  the  curves  showing  the  relations 
between  the  magnitudes  of  the  gaps  and  their  resistances,  the  writer  feels 
confident  that  the  conduction  across  the  gaps  as  observed  was  due  to 
small  metal  projections  or  to  dust  particles,  rather  than  to  a  uniformly 
distributed  medium. 
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The  data  showing  the  value  of  the  voltages  necessary  for  electrical 
discharges  serving  as  insulators  for  small  differences  of  potential,  indi- 
cates that  a  minimum  potential  may  be  required  to  force  an  electrical 
discharge  across  small  air  gaps,  or  at  least  that  the  potential  gradient 
required  is  much  greater  than  that  required  across  larger  gaps. 

The  writer  wishes  to  thank  Professor  W.  F.  G.  Swann  for  the  very 

kind  advice  and  encouragement  which  he  extended  throughout  the  course 

of  this  work. 

Department  of  Physics. 

University  of  Minnesota, 
June  12,  1933. 
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THE   EFFECT   OF   CERTAIN    DISSOLVED   SUBSTANCES   ON 
THE   INFRA-RED  ABSORPTION  OF  WATER. 

By  J.  R.  Collins. 

Synopsis. 

Infra-red  absorption  spectra  of  aqueous  solutions  of  sixteen  inorganic  compounds 
from  0.8  to  2.3  m.  have  been  determined  to  aee  how  the  dissolved  substances  affect 
the  absorption  of  the  water.  Care  was  taken  to  eliminate  stray  light  by  using  two 
constant  deviation  glass  spectroscopes  in  series.  Readings  were  taken  alternately 
with  a  cell  containing  a  solution  and  with  one  containing  water.  Curves  were  thus 
obtained  for  the  alkali  hydroxides,  five  chlorides  {Al,  Ca,  Mg,  Na,  Sr),  five  nitrates 
(Ag,  Ah  Mg,  NHi,  Zn)  and  three  sulphates  {Ag,  Na,  Zn).  (Figs.  3-16).  All 
solutes  decreased  the  absorption  in  the  water  band  at  1.44  m  and  probably  also  in 
the  band  at  2  /i,  whereas  all  excepting  A1»(S04)>,  ZnSOi  and  the  hydroxides  increased 
the  absorption  in  the  bands  at  0.97  and  1.2  /i.  These  results  do  not  agree  with  the 
solvate  theory  which  ascribes  the  effect  to  the  formation  of  hydrates,  since  some 
non-hydrating  compounds  decreased  the  absorption  at  1.44  m< 

Absorption  of  water,  from  0.8  to  2.3 n*  was  measured  by  using  cells  of  different 
known  thicknesses.  The  wave-lengths  of  maximum  absorption  were  found  to  be  0.97, 
1.20,  1.44,  and  2.00  ft,  and  the  corresponding  coefficients  came  out  0.448,  1.220,  29.4, 
and  103.  respectively.  Such  difference  as  there  is  between  these  results  and  those 
previously  obtained  may  be  due  to  elimination  of  stray  light.  The  fact  that  in  the 
absorption  spectrum  of  water  vapor  the  bands  at  1.44  and  2  m  are  stronger  and 
the  other  two  bands  weaker  than  for  liquid  water  suggests  that  the  former  two 
bands  are  associated  with  a  different  kind  of  molecule  than  the  latter  two  bands. 
If  so.  the  effect  of  a  dissolved  substance  on  absorption  may  be  due  to  a  change  in  the 
relative  number  of  these  kinds  of  molecules  produced  by  the  presence  of  the  substance. 

Introduction. 

TN  their  study  of  infra-red  absorption  spectra  of  aqueous  solutions, 
-^  Guy,  Schaeflfer,  and  Jones^  found  that,  in  some  cases,  the  solutions 
were  more  transparent  than  the  water  present  would  be  if  there  were 
no  dissolved  substance  in  it.  Schaeffer,  Paulus,  and  Jones*  studied  this 
effect  of  dissolved  substances  on  the  absorption  of  water  further  and 
found  that  the  change  in  the  absorption  of  the  water  was  generally 
accompanied  by  a  slight  shift  in  the  position  of  the  absorption  band 
toward  the  longer  wave-lengths.  Grantham'  found  that  the  alkaline 
hydroxides  dissolved  in  water  caused  a  decrease  in  the  absorption  of 
water  at  one  absorption  band,  the  effect  due  to  these  substances  being 
greater  than  that  due  to  the  inorganic  salts  studied  by  the  previous 
investigators.     No  conclusion  can  be  drawn  as  to  a  shift  in  the  position 

1  Phys.  Zeitschr.,  14,  p.  278  (1913). 
*  Phys.  Zeitschr.,  15,  p.  447  (1914). 
•Phys.  Rev.,  18,  p.  339  (1921). 
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of  the  absorption  band  caused  by  the  alkaline  hydroxides,  since  the 
hydroxides  have  an  absorption  band  which  overlaps  that  of  water,  thus 
making  it  impossible  to  distinguish  the  exact  form  of  either  absorption 
band.  Further  evidence  of  a  shift  in  the  position  of  an  absorption  band 
of  water  by  dissolved  substances  was  obtained  by  Angstrom,^  who 
measured  the  reflection  of  infra-red  radiation  from  the  surfaces  of  solu- 
tions. A  shift  in  the  positions  of  maximum  and  minimum  reflection  is 
interpreted  as  a  shift  in  the  position  of  the  absorption  band.  No  informa- 
tion was  obtained  as  to  changes  in  the  intensity  of  absorption  of  the  water. 

The  most  intense  absorption  bands  of  water  occur  at  about  3  m  and 
6  M'  Nearer  the  visible  spectrum  there  are  four  much  less  intense  bands 
which  differ  greatly  among  themselves  in  intensity.  These  bands  were 
located  by  earlier  observers  at  about  i.om»  I-2m»  i-5m  and  2.0^1  this 
order  being  also  one  of  increasing  intensity.  Jones  and  his  co-workers 
studied  the  effect  of  dissolved  substances  on  the  absorption  of  water  in 
the  spectral  region  including  the  first  two  of  these  bands.  Grantham's 
results  on  the  effect  of  the  alkaline  hydroxides  are  confined  to  the 
absorption  band  at  1.5  m-  Angstrom  worked  in  the  near  infra-red,  but 
obtained  results  only  for  the  intense  absorption  band  at  3  /i. 

The  absorption  bands  of  water  at  3  m  and  6  m  are  so  intense  that 
extremely  thin  layers  are  necessary  for  their  study,  so  that  a  quantitative 
comparison  of  the  absorption  of  solutions  and  water  would  be  very 
difficult.  The  other  four  absorption  bands  mentioned  above  are  such 
that  measurable  thicknesses  can  be  used  and  an  accurate  comparison 
made.  It  was  the  purpose  of  this  investigation  to  study  the  effect  of 
various  dissolved  substances  on  the  absorption  of  water  throughout  the 
spectral  region  containing  these  four  absorption  bands. 

Apparatus  and  Experimental  Procedure. 

It  was  necessary  to  obtain  a  spectrometer  system  free  from  appreciable 
stray  radiation.  Since  no  single  spectrometer  was  at  hand  in  which  the 
stray  radiation  was  negligible,  two  spectrometers  were  used,  one  serving 
as  a  monochromatic  illuminator  for  the  slit  of  the  second.  As  measure- 
ments were  to  be  made  to  2.3  m  only,  spectrometers  with  glass  lenses  and 
prisms  were  used.  The  spectrometers  were  of  the  constant  deviation 
type  and  arranged  as  illustrated  in  Fig.  i. 

The  source  of  radiation,  5',  is  a  series  street  lighting  lamp  with  a 
single  spiral  filament  set  vertically.  It  was  run  on  storage  batteries  to 
insure  constant  current.  Li  is  a  lens  so  placed  as  to  render  the  light 
from  5'  parallel.     Diaphragms  Di  and  Di  were  placed  in  the  beam  to 

»  Phys.  Rev.,  3.  p.  47  (1914). 
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limit  this  beam,  so  that  its  cross-section  was  smaller  than  that  of  the  cfells 
under  investigation.  These  cells  were  mounted  on  a  slider  P'.  This 
slider  could  be  moved  by  the  observer  by  means  of  cords,  so  that  either 
cell  or  an  opaque  screen  was  placed  in  the  beam.  Lj  is  a  lens  which 
formed  an  image  of  the  lamp  filament  on  the  slit  Si  of  the  first  spec- 


Fig.  1. 

trometer.  Ls,  Pi,  and  Li  are  the  collimator  lens,  prism,  and  telescope 
lens  respectively,  of  this  spectrometer,  the  spectrum  being  focused  in  the 
plane  of  the  slit  52  of  the  second  spectrometer,  of  which  L5,  P2,  and  L« 
are  the  collimator  lens,  prism  and  telescope  lens  respectively.  The 
spectrum  is  focused  in  the  plane  of  the  slit  53,  behind  which  a  Coblentz 
thermopile  is  mounted.  The  thermopile  is  connected  to  a  Coblentz 
ironclad  galvanometer  which  was  read  by  means  of  a  telescope  and  scale. 

The  second  spectrometer  was  used  to  indicate  the  wave-length  of  the 
radiation  incident  on  the  thermopile.  The  scale  on  the  drum  was 
divided  uniformly,  the  smallest  divisions  corresponding  to  a  range  of 
about  0.3  ju/i  in  the  visible  spectrum.  This  spectrometer  was  calibrated 
by  observing  the  drum  readings  corresponding  to  the  positions  of  the 
emission  lines  of  sodium,  lithium,  potassium  and  mercury.  The  lines 
of  the  first  three  metals  were  obtained  by  volatilizing  their  salts  in  the 
open  arc,  and  a  quartz  mercury  arc  was  used  for  the  mercury  lines.  A 
considerable  number  of  lines  were  easy  to  locate  and  the  location  of  the 
lines  in  the  visible  region  could  be  checked  visually.  The  wave-lengths 
of  these  lines  were  obtained  from  Paschen's  data.^ 

The  cells  to  contain  the  liquid  under  test  consisted  of  two  pieces  of  plane 
parallel  quartz  or  pyrex  glass  between  which,  for  the  thicker  cells,  was 
placed  a  glass  tube  with  plane  parallel  ends  filled  with  the  liquid.  For 
the  thinner  cells  washers  of  thin  glass  or  celluloid  were  used.  Since  the 
two  spectrometers  were  used  in  series  it  was  necessary  that  the  cells 

*  Ann.  d.  Physik.,  27,  p.  537  (1908). 
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have  plane  parallel  ends  and  that  the  liquid  be  of  uniform  thickness  over 
the  entire  cell.  Otherwise  a  change  in  the  direction  of  the  beam  of  radia- 
tion resulted  in  a  change  in  the  amount  of  radiation  reaching  the  thermo- 
pile even  with  no  absorption.  Thus  two  pieces  of  transparent  quartz, 
one  plane  parallel  and  the  other  slightly  wedge  shaped,  appeared  to  have 
different  transmissions  when  placed  alternately  in  the  beam  of  radiation. 
This  effect  was  not  noticeable  if  the  variations  in  thickness  were  not  more 
than  o.ooi  cm.  in  a  plate  of  3  cm.  diameter. 

The  coefficient  of  absorption  of  water  was  determined  throughout 
the  spectral  region  0.8  m  to  2.3  m  by  finding  the  absorption  of  known 
thicknesses.  In  order  to  avoid  the  error  due  to  reflection  at  the  surfaces 
of  the  cells,  two  cells  of  different  thicknesses  were  mounted  on  the  slider 
P'  (Fig.  i)  and  the  deflections  of  the  galvanometer  observed  when  the 
cells  were  placed  in  turn  in  the  beam  entering  the  spectrometer  system. 
The  ratio  of  these  deflections  gives  the  fractional  transmission  of  a  layer 
of  water  equal  in  thickness  to  the  difference  of  thicknesses  of  the  twd  cells. 

The  fractional  transmission  of  the  solutions  was  obtained  by  mounting 
on  the  slider  P'  two  cells  of  approximately  the  same  thickness,  one 
containing  the  solution  and  the  other  containing  pure  water.  The 
galvanometer  deflections  were  observed  when  these  cells  were  placed  in 
turn  in  the  beam  of  radiation.  The  ratio  of  their  transmissions  were 
thus  obtained.  The  fractional  transmission  of  the  water  could  be  com- 
puted from  the  known  coefficients  of  absorption  and  then  the  fractional 
transmission  of  the  solution  calculated  from  that  of  water  and  their 
ratio.  There  are  two  advantages  of  comparing  the  transmission  of  the 
solution  to  that  of  water  instead  of  determining  the  fractional  trans- 
mission of  the  solution  by  using  two  cells  of  solution.  First,  it  is  the 
object  of  the  experiments  to  compare  the  transmission  of  the  solution 
with  that  of  water  and  this  method  does  that  with  one  set  of  observations 
instead  of  two.  Second,  a  small  error  in  the  wave-length  setting  of  the 
spectrometer  on  the  side  of  an  absorption  band  will  cause  a  large  change 
in  the  fractional  transmission  observed  if  the  fractional  transmission  of 
the  solution  is  determined  directly;  the  ratio  of  the  transmission  of  the 
solution  to  that  of  water  does  not  change  so  rapidly  as  we  proceed  along 
the  spectrum  as  does  the  fractional  transmission,  hence  a  small  error  in 
wave-length  setting  does  not  affect  the  results  so  much. 

Since  the  four  absorption  bands  of  water  have  different  intensities,  the 
cells  to  contain  the  liquid  were  of  different  thicknesses  for  each  of  the 
four  parts  of  the  spectral  region  studied.  These  thicknesses  were:  about 
2  cm.  for  the  range  0.8  m  to  i.i  m;  about  i  cm.  for  the  range  i.i  m  to  1.3  m; 
about  0.04  cm.  for  the  range  1.3  m  to  1.7  m;  about  0.025  cm.  for  the  range 
1.7  m  to  ■2.3  m. 
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Experimental  Results. 
I.  The  Absorption  Spectrum  of  Water  from  0,8  m  to  2,3  11, 
The  fractional  transmission  of  water  for  known  thicknesses  was  care- 
fully determined  throughout  the  si>ectral  range  studied.  The  agreement 
of  the  values  of  absorption  coefficients  calculated  from  the  observed 
transmission  of  widely  different  thicknesses  of  water  indicate  that  the 
apparatus  was  free  from  appreciable  stray  radiation.  A  comparison  with 
the  values  obtained  by  Aschkinass^  and  also  those  calculated  from  the 
data  of  Jones  and  his  co-workers*  can  be  made  only  at  the  positions  of 
maximum  absorption  since  the  wave-length  calibration  of  the  prism  used 
by  Aschkinass  was  apparently  not  correct.'  Table  I.  gives  the  values 
of  the  absorption  coefficients  at  these  positions. 

Table  I. 


Podtionof 

Coefidents  of  AbMrpdon. 

Mazimiim  AbMrpdon. 

AMhkinus. 

JonM  et  al. 

CoUins. 

.97  u 

.416 
1.221 
38.4 
123.2 

.446 
1.297 

.448 

1.20/4 

1.220 

1.44  m 

29.4 

2.00  m 

103 

The  agreement  at  the  first  two  absorption  bands  at  .97  m  and  1.20 /i 
is  remarkably  good.  At  the  other  two  bands,  however,  the  agreement  is 
not  good.  The  thicknesses  used  by  Aschkinass  were  much  smaller  than 
those  used  in  the  present  investigation  and  could  not  be  measured  so 
accurately  by  the  method  used  by  him.  This  may  be  a  possible  explana- 
tion of  the  differences  shown  in  Table  I. 

As  may  be  seen  from  Table  II.,  the  wave-lengths  of  maximum  absorp- 
tion as  determined  in  the  present  investigation  do  not  agree  with  those 
obtained  by  some  earlier  observers.  The  care  taken  in  eliminating  stray 
radiation  in  the  present  investigation  may  account  for  some  of  the 
differences  in  the  positions  of  the  absorption  bands  as  compared  with  the 
results  of  others. 

II.  The  Absorption  Spectra  of  Aqueous  Solutions. 
In  order  to  compare  the  absorption  spectra  of  the  solutions  with  that 
of  water  the  amount  of  water  in  each  solution  was  computed  from  a 

» Ann.  d.  Physik,  55,  p.  401  (1895). 

*  Loc.  cit. 

•See  Coblentz,  Carnegie  Inst,  of  Wash.  Pub.  65  (1906). 
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knowledge  of  the  concentration  and  density  of  the  solution.    Then  two 
curves  were  plotted  on  the  same  axes:   (i)  the  per  cent,  transmission  of 


Table  II. 

Obterrw. 

JHf. 

Kind  of  Prim. 

Podtion  of  Mazimiim  Abiorptioii. 

Paschen 

1894 

Fluorspar 

1.51  M 

2.05  m 

Aschkinass 

1895 

Flint  Glass 

1.00  m 

1.24  m 

1.50 

1.96 

Donath 

1896 

Flint  Glass 

1.45 

1.96 

Coblcntz 

1910 

Fluorite 

1.48 

1.95 

Grantham 

1921 

Rocksalt 

1.48 

1.98 

Collins 

1921 

Flint  Glass 

.97 

1.20 

1.44 

2.00 

the  solution  as  a  function  of  the  wave-length  and  (2)  the  per  cent,  trans- 
mission of  a  layer  of  water  equivalent  to  that  present  in  the  solution. 
Four  curves  are  plotted  for  each  substance  as  different  thicknesses  had 
to  be  used  for  different  parts  of  the  si>ectral  region  studied.  The  thick- 
nesses of  layers  used  were  in  all  cases  those  indicated  in  Fig.  3.  If  the 
dissolved  substance  has  an  effect  on  the  absorption  of  the  water  or  has 
an  absorption  of  its  own  the  two  curves  would  not  coincide.  If  the  trans- 
mission curve  for  the  solution  lies  above  that  for  water,  the  dissolved 
substance  has  had  an  effect  on  the  absorption  of  the  water.  If,  however, 
the  curve  for  the  solution  lies  below  that  for  the  water,  there  are  two 
possible  explanations  and  in  general  it  is  impossible  to  separate  them. 
It  seems  unlikely  that  the  absorption  bands  for  the  dissolved  substance 
would  lie  exactly  at  the  same  position  and  have  the  same  shape  as  the 
water  absorption  band,  so  that  the  transmission  curves  for  the  solutions 
should  be  distorted  from  those  of  water  if  the  dissolved  substances  have 
absorption  bands  in  the  region  studied.  An  example  of  this  is  shown  in 
Fig.  2. 


Wove    Len5thfc    in  Micron* 

Fig.  2. 
SN  solution  of  NaOH.     200  grams  per  liter.     Density  1.186  gr./c.c. 


Digitized  by 


Google 


492 


J,  R.   COLUNS, 


Solutions  of  NaOH,  KOH  and  LiOH  were  studied  and  curves  for  NaOH 
only  are  shown  as  they  are  typical  of  the  results  for  all  three  substances. 
Grantham  has  already  studied  solutions  of  these  substances  in  the 
region  of  the  absorption  at  1.44  m  and  showed  that  all  of  them  rendered 
the  water  less  absorbing  in  that  band  in  spite  of  an  absorption  band  of 
the  substances  themselves  which  overlaps  that  of  water.  Curves  A  and 
B  of  Fig.  2  show  the  effect  of  NaOH  on  water  in  the  bands  at  .97  m  and 
1.20  M.  At  1.20  IX  there  is  a  decided  increase  in  the  transmission  but  at 
the  other  band  there  is  a  decrease  in  transmission  on  one  side  of  the  band. 
From  the  distorted  shape  of  the  solution  curve  it  was  susi>ected  that  the 
hydroxides  had  absorption  bands  near  .96  m,  i.i  m  and  1.27  m-  Concen- 
trated solutions  were  made  of  KOH  in  absolute  methyl  alcohol  and 
absolute  ethyl  alcohol  and  the  transmission  curves  determined.  Absorp- 
tion bands  were  found  at  the  wave-lengths  .95/1  and  i.i  m  and  1.26  m* 
It  seems  safe  to  say  then  that  these  three  alkaline  hydroxides  make  water 
more  transparent  in  all  three  of  the  absorption  bands  shown  in  Fig.  2. 

Figures  3  to  15  show  the  results  obtained  for  several  salts,  all  except 
the  last  three  being  hydrating  substances.    AUCSO^s,  ZnS04  and  the 


Wav«    Lttiftk*  im  Microns 

Fig.  3. 
AlaCSOi)*.     259.3  gr./Hter.     Density,  1.2200  gr./c.c. 

Curve  A,  2.090  cm.  layer  of  solution.     Curve  B,  .997  cm.  layer  of  solution. 
Curve  C,  .025  cm.  layer  of  solution.     Curve  D,  .0079  cm.  layer  of  solution. 


alkaline  hydroxides  decrease  the  absorption  of  water  in  all  four  absorp- 
tion bands  studied.     All  other  substances  studied  decreased  the  absorp- 
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tion  in  the  absorption  band  at  1.44  m»  increased  the  absorption  in  the 
absorption  bands  at  .97  m  and  1.20  fi.  The  absorption  band  at  2.00  m  is 
not  affected  in  the  same  way  by  alf  substances  but  in  most  cases  where 


W«v«  L«R5tk«    in    Mier*ii4 

Fig.  4. 
AlCl*.    326.0  gr./liter.    Density,  1.2133  gr./c.c. 

Fig.  5. 
Al(NOi)».    430  gr./liter.     Density,  1.2517  gr./cc 

Fig.  6. 
CaClf.     557.7  gr./liter.     Density.  1.3950  gr./cc. 

Fig.  7. 
SrClj.     296.0  grams/liter.     Density  1.2445  gr./cc. 
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the  absorption  is  increased  the  irregularity  of  the  curve  for  the  solution 

indicates  that  the  dissolved  substance  had  absorption  bands  in  this  region. 

No  definite  conclusions  can  be  drawn  as  to  shifts  in  the  positions  of 


W«vt  L«i>5tli«  m  MitrMM 


Fig.  8. 
Mg(NO«)j.    424.5  gr./liter.     Density,  1.2873  gr./c.c. 

Fig.  9. 
MgClt.     319.0  gr./liter.     Density,  1.2360  gr./c.c. 

Fig.  10. 
Zn(NOi)t.    414.5  gr./liter.     Density.  1.3200  gr./c.c. 

Fig.  11. 
ZnS04.     513.0  gr./liter.     Density.  1.466  gr./c.c. 
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the  water  absorption  bands  due  to  the  dissolved  substances.  In  most 
cases  where  there  is  an  apparent  shift  in  the  position  of  maximum 
absorption  it  is  difficult  to  say  that  it  is  a  true  shift,  as  the  presence  of 


W«vt  L«ii)tlii  \m 


Fig.  12. 
NaiSsOs.     524.9  gr./liter.     Density,  1.361  gr./litcr. 

Fig.  13. 
NaCl.     319.8  gr./liter.     Density,  1.2020  gr./c.c. 

Fig.  14. 
AgNOi.     1413.0  gr./liter.     Density,  2.1180  gr./c.c. 

Fig.  15. 
NH4NO1.     743.0  gr./liter.     Density.  1.2700  gr./c.c. 
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an  absorption  band  of  the  dissolved  substance  near  that  of  the  water 
might  cause  such  a  change  in  the  shape  of  the  curve. 
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Fig.  16. 

Discussion. 

SchaefTer,  Paulus,  and  Jones  explained  their  results  on  the  basis  of  the 
solvate  theory.  The  dissolved  substances  which  form  loose  combinations 
with  some  of  the  water  in  which  they  are  dissolved  render  this  part  of  the 
water  less  absorbing.  Non-hydrating  substances  should  have  no  effect 
on  the  absorption  of  the  water.  Their  explanation  did  not  fit  all  the 
data  which  they  published  and  does  not  agree  with  all  the  results  shown 
here.  Al2(S04)8,  ZnS04,  and  the  alkaline  hydroxides  make  the  water 
less  absorbing  at  all  the  absorption  bands,  but  all  the  remaining  hydrating 
salts  studied  cause  a  greater  absorption  at  some  of  the  absorption  bands. 
Also  the  three  non-hydrating  salts,  NaCl,  NH4N0j,  and  AgNOs  all 
caused  a  decrease  in  absorption  by  water  at  one  absorption  band. 

Livens^  has  deduced  an  explanation  of  an  effect  of  a  dissolved  substance 
on  the  absorption  of  the  solvent  on  the  basis  of  the  Lorentz  electron 
theory.  If  the  solute  has  absorption  bands  at  wave-lengths  much  longer 
than  that  of  the  solvent,  the  solvent  should  absorb  less  than  it  would  if 
the  solute  were  absent  and  the  position  of  maximum  absorption  should 
be  shifted  toward  the  shorter  wave-lengths.  If  the  solute  has  absorption 
bands  at  wave-lengths  shorter  than  that  of  the  solvent,  the  solvent 
should  be  more  absorbing  in  the  presence  of  the  solute  and  the  position 

»  Ph>^.  Zeitschr.,  14,  p.  660  (1913). 


Digitized  by 


Google 


Na"s^*]  INFRA-RED  ABSORPTION  OF   WATER,  497 

of  maximum  absorption  should  be  shifted  toward  the  longer  wave- 
lengths. This  explanation  would  seem  to  lead  to  the  conclusion  that  all 
the  absorption  bands  of  water  here  studied  should  be  affected  alike,  as 
they  lie  close  together  and  thus  have  the  same  relation  to  the  absorption 
bands  of  the  dissolved  substance. 

Neither  of  these  explanations  fits  the  experimentally  determined  facts 
completely.  With  the  exceptions  of  Al2(S04)8,  ZnS04  and  the  alkaline 
hydroxides,  the  solutes  used  caused  an  increase  in  the  absorption  of  the 
water  at  the  absorption  bands  located  at  .97  m  and  i  .20  /i»  and  a  decrease 
in  the  absorption  of  the  water  at  the  band  located  at  1.44  m-  From  an 
examination  of  the  curves  it  seems  likely  that  the  dissolved  substances 
decrease  the  absorption  of  the  water  in  the  band  at  2.00  Mi  although  in 
many  cases  this  effect  is  apparently  masked  by  the  presence  of  absorption 
bands  of  the  dissolved  substance. 

With  the  above  exceptions  then  it  may  be  said  that  the  effect  of  dis- 
solved substances  is  to  increase  the  absorption  of  the  water  at  two  absorp- 
tion bands  (.97  fi  and  1.20  m)  and  to  decrease  the  absorption  of  the  water 
at  the  other  two  bands  (1.44  m  and  2.00  m)-  A  parallel  to  this  is  found 
by  comparing  the  absorption  of  water  vapor  and  liquid  water  for  layers 
having  equal  number  of  molecules.  Fig.  16  shows  the  absorption  spectra 
of  equivalent  thicknesses  of  water  vapor  and  liquid  water.  The  water- 
vapor  curve  is  taken  from  the  results  of  Hettner.^  There  is  an  absorption 
band  in  the  vapor  curve  for  each  band  in  the  liquid  curve,  but  displaced 
toward  the  shorter  wave-lengths.  The  absorption  bands  of  water  at 
.97  m  and  1.20 /n  are  less  intense  than  the  corresponding  bands  for  the 
vapor,  while  the  bands  at  1.44  m  and  2.00  m  are  more  intense  than  the 
corresponding  vapor  bands.  This  fact  suggests  that  there  may  be  some 
connection  between  the  effect  of  dissolved  substances  on  the  absorption 
of  water  and  the  effect  of  changing  from  vapor  to  liquid. 

The  fact  that  all  the  absorption  bands  of  liquid  water  are  present  when 
the  water  is  converted  into  vapor  indicate  that  these  absorption  bands 
are  due  to  the  molecules  and  not  to  aggregations  of  molecules.  Hence  it 
seems  that  the  only  way  in  which  the  absorption  could  be  changed  to  a 
great  extent  would  be  by  a  change  in  the  number  of  absorbing  molecules 
present.  If  there  are  different  kinds  of  water  molecules  there  is  a  possi- 
bility of  their  relative  number  being  changed  by  the  presence  of  a  dis- 
solved substance,  by  polymerization  of  the  water,  by  change  of  tempera- 
ture, etc.  According  to  Langmuir*s^  model  of  the  water  molecule  there 
may  be  four  kinds  of  water  molecules  as  the  hydrogen  nuclei  may  be 

» Ann.  d.  Physik..  55,  p.  476  (1919). 

*  Jour.  Amer.  Chem.  Soc.,  41.  p.  893  (1919). 
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arranged  in  four  different  relative  positions  about  the  oxygen  nucleus. 
These  different  molecules  would  probably  have  different  modes  of  vibra- 
tion which  would  give  rise  to  absorption  bands  of  different  frequencies. 
The  relative  intensities  of  these  absorption  bands  would  depend  in  part 
on  the  relative  number  of  each  kind  of  molecule  present  in  the  water. 
Some  such  explanation  together  with  the  fact  that  some  dissolved  sub- 
stances form  loose  combinations  with  the  water  in  which  they  are 
dissolved  may  be  able  to  fit  the  experimental  results  when  more  data  are 
available.  At  present  no  simple  explanation  fits  all  the  known  results. 
The  writer  wishes  to  thank  Professor  R.  C.  Gibbs,  under  whose 
direction  the  investigation  was  carried  out,  for  his  encouragement  and 
helpful  advice  during  its  progress. 
Cornell  Univbrsity. 
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THE  EXISTENCE  OF  HIGH   MOBILITY  lONS.^ 

By  Oswald  Blackwood. 

Synopsis. 

Existence  of  Positive  Ions  of  AlmormaUy  High  Mobilities  in  Air, — Contrary  to 
the  conclusions  of  other  observers.  Nolan  has  reported  what  he  believes  to  be  indica- 
tions of  the  presence  in  ionized  moist  air  of  ions  of  eight  different  mobilities  ranging 
from  one  to  seven  times  the  normal  value.  A  repetition  of  Nolan's  experiment, 
however,  with  duplicate  apparatus,  has  led  to  an  explanation  of  his  anomalous 
results.  In  his  experiment,  ions  generated  in  a  small  shielded  space  next  the  lower 
plate  of  a  long  condenser,  are  carried  by  an  air  current  into  the  electric  field  where 
the  mobility  is  determined  by  a  blast  method.  At  first  curves  similar  to  Nolan's 
were  obtained,  but  the  irregularities  interpreted  as  due  to  different  groups  of  ions 
were  removed  when  precautions  were  taken  to  insure  a  uniform  blast  of  air.  Then 
it  was  discovered  by  the  author  that  in  spite  of  a  lead  shield  between  the  emanation 
tubes  emitting  the  ionizing  rays  and  the  measuring  chamber,  there  was.  contrary 
to  Nolan's  assumption,  a  volume  ionization  in  that  chamber,  due  probably  to 
secondary  x-rays  from  the  lead,  which  accounted  for  his  results.  When  these  sec- 
ondary rays  were  eliminated  by  substituting  polonium  as  the  source  of  ionization 
the  mobility  came  out  normal. 

Introduction. 
nn^HE  existence  of  small  ions  of  very  high  mobility  is  indicated  in 
■^  several  papers  by  Nolan,** '  who  finds  a  value  seven  times  greater 
than  normal.  Furthermore,  he  detects  in  the  ionization  from  radioactive 
bodies  not  one  but  eight  widely  separated  sizes  of  ions.  In  so  far  as  the 
writer  knows,  these  results  are  at  variance  with  the  investigations  of  all 
other  workers*  who  agree  in  assigning  to  the  negative  ion  in  dry  and 
moist  air  mobilities  1.8  and  1.5  cm./sec.  respectively.  In  particular, 
the  normal  value  has  been  reported  recently  by  Erikson*  using  a  method 
closely  resembling  Nolan's. 

The  author  has  repeated  the  experimental  work  in  detaiil,  and  in  ad- 
dition finds  that  the  curves  are  capable  of  another  interpretation  and 
that,  when  certain  precautions  neglected  by  Nolan  are  taken,  the  method 
indicates  the  existence  of  but  one  size  of  ion  of  normal  mobility. 

Method. 
The  apparatus  is  fully  described  in  Nolan's  paper.*    It  consists  of  a 
shallow  box  10  cms.  in  depth  fitted  with  two  condenser  plates.    The 

1  An  abstract  of  this  paper  was  read  by  title  at  the  December  meeting  of  the  American 
Physical  Society. 

*  Proc.  Royal  Irish  Academy,  XXXV.  (A),  p.  38  (1920). 

» Ibid.,  XXXIII.  (A),  p.  9  (1916).     Proc.  Royal  Society.  XCIV.  (A),  p.  112  (1918). 

*Proc.  Camb.  Phil.  Soc.,  IX.,  p.  401.  Phil.  Trans.,  A,  195,  p.  193.  Annale  de  Chemie 
et  de  Physique,  XXVIII.,  289.     Proc.  Nat.  Acad..  II.  (1916),  345- 

*Phys.  Rbv..  XVIII..  p.  100  (1921). 
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upper  (electrometer)  plate  is  35  cms.  long  and  is  surrounded  by  an  earthed 
guard  ring.  The  lower  plate  may  be  given  any  desired  potential.  Ioniza- 
tion is  produced  in  the  small  trough  Z  below  a  lead  shield  (See  Fig.  3,  Z) 
the  source  being  several  tubes  of  radium  emanation  lying  on  the  floor 
of  the  trough.  A  current  of  air  traverses  the  apparatus  carrying  ions 
from  Z  into  the  condenser.  When  the  electric  field  is  zero  these  ions  are 
carried  forward  horizontally.  As  the  field  is  increased  step  by  step  the 
stream  is  curved  upward  more  and  more  until,  at  a  critical  voltage,  it  is 
forced  into  contact  with  the  upper  plate  and  the  electrometer  current 
jumps  from  zero  to  its  maximum  value.  In  practice  owing  to  recom- 
bination, diffusion,  turbulence  of  the  air  stream,  as  well  as  other  factors, 
the  ideal  curve  should  not  be  realized. 


Fig.  1. 

The  mobility  of  the  ions  can  be  calculated  from  u  =  vVjLV  where  V 
is  the  critical  voltage  at  which  ions  begin  to  reach  the  plate,  u  is  the 
ionic  mobility,  v  the  velocity  of  the  air  stream,  b  the  vertical  distance 
between  the  plates  and  L  the  plate  length.^ 

Discussion  of  Results. 

One  of  Nolan's  typical  current  voltage  curves  for  air  saturated  with 
water  vapor  is  shown  in  Fig.  2.  It  will  be  noted  that  the  curve  does  not 
cross  the  X  axis  at  14  volts  as  it  should  (i)  if  ions  of  normal  mobility 
were  present,  and  (2)  if  all  the  ions  were  produced  at  Z.  Nolan  interprets 
the  fact  that  small  voltages  are  sufficient  to  drive  ions  to  the  plate  on 
the  hypothesis  of  high  mobilities.  Furthermore,  he  explains  the  eight 
"nicks"  or  ''steps"  (a  •  •  •/,  Fig.  2)  as  indicating  the  presence  of  eight 
different  sizes  of  ions. 

The  writer  has  duplicated  Nolan's  apparatus  in  detail  and  has  repeated 
his  measurements  using  several  different  air  velocities.     The  curves  re- 

^  At  the  critical  voltage  V  the  ions  are  displaced  through  the  vertical  distance  b  cm.  between 
the  plates  while  the  air  stream  carries  them  through  a  horizontal  distance  L.  The  electric 
field  (potential  gradient)  being  Vfb  and  the  vertical  speed  Vulb,  the  time  to  move  through 
the  condenser  is 

b 
*  "  Vulb 
Also,  /  »  LIv.     Therefore.  «  =  bh^jLV. 
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semble  those  of  Nolan  in  that  they  pass  through  the  origin,  showing 
that  small  fields  are  sufficient  to  drive  ions  to  the  plate.  They  also  have 
"nicks"  or  "steps"  but  these  are  not  repeatable  and  are  probably  due  to 
lack  of  constancy  in  the  motion  of  the  gasometers  used  to  force  air  through 
the  apparatus.  After  these  gasometers  were  replaced  by  a  constant- 
speed  rotary  pump  the  curves  showed  no  irregularities.  They  show  no 
evidence,  therefore,  of  the  existence  of  separate,  distinct  groups  or  sizes 
of  ions. 

The  first  inkling  of  an  explanation  of  the  form  of  the  curve  not  in- 
volving the  assumption  of  high  mobilities  came  when  the  air  stream  in 
the  ion  box  was  reversed  in 
direction.  If  all  the  ions  were 
really  produced  in  the  shielded 
space  Z,  as  Nolan  assumed, 
this  procedure  should  reduce 
the  galvanometer  current  to 
zero,  since  the  reversed  air 
stream  carries  the  ions  away 
from  the  condenser.  In  fact, 
however,the  current  decreased 
only  one  third.  Most  of  the 
ions,  therefore,  are  produced 
in  the  main  volume  of  the  condenser. 

The  distribution  in  still  air  of  this  general  ionization  has  been  studied 
as  follows.  A  wire  screen  of  i  cm.  me§h  was  placed  horizontally  between 
the  two  condenser  plates.     (See  Fig.  3,  X.)     It  was  charged  to  the 
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Fig.  3. 

same  potential  as  the  lower  plate  so  that  no  ions  produced  below  it  should 
be  driven  to  the  electrometer.  The  potential  of  the  screen  was  given  a 
sufficiently  high  value  to  drive  all  ions  above  it  to  the  electrometer  plate. 
The  current  was  found  to  be  directly  proportional  to  the  distance  between 
the  screen  and  plate.  This  indicated  a  uniform  vertical  distribution  of 
the  ionic  density.  Therefore,  the  ionization  near  the  electrometer  plate 
is  as  great  as  that  in  the  lower  part  of  the  condenser.     This  being  the 
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case,  an  explanation  of  the  experimental  curve  is  simple.  Ions  are 
driven  to  the  upper  plate  by  small  fields  not  because  the  ions  have  high 
mobilities,  as  Nolan  assumed,  but  because  they  are  generated  in  im- 
mediate proximity  to  it. 

Source  of  General  Ionization. 

With  the  purpose  of  discovering  the  source  of  this  general  ionization, 
its  horizontal  distribution  in  still  air  was  investigated.  The  wire  screen 
described  above  was  replaced  by  a  grounded  sheet  of  iron  which  was 
fitted  with  an  aperture  four  cm.  wide.  (See  Fig.  3,  7.)  This  sheet  of 
metal  shielded  the  electrometer  plate  from  all  ions  which  were  not 
generated  immediately  below  the  slit.  Keeping  the  electric  field  con- 
stant, the  sheet  was  shifted  horizontally  so  as  to  successively  uncover 
all  portions  of  the  upper  plate.  The  electrometer  currents  for  the  various 
positions  show  that  more  than  one  third  of  all  the  ions  are  produced  at 
distances  from  the  ion  trough  Z  greater  than  10  cm. 

In  order  to  investigate  the  absorption  of  the  rays  causing  the  general 
ionization,  the  window  CD  (Fig.  3,  Z)  was  blocked  with  a  lead  plate  while 
AB  was  covered  with  a  paper  screen  found  to  be  equivalent  to  .001  cm. 
thickness  of  aluminium  foil.  This  shield  decreased  the  ionization  about 
50  per  cent.  Replacing  the  paper  by  a  sheet  of  lead  i  mm.  thick  re- 
duced it  to  zero.  Since  the  window  CD  is  shielded  from  direct  radiation, 
and  since  the  paper  was  adequate  to  prevent  diffusion  of  ions  into  the 
main  chamber,  by  elimination  it  seems  probable  that  the  general  ioniza- 
tion was  due  to  secondary  Roentgen  radiation  from  the  lead  walls  of  the 
trough  at  Z.  While  this  radiation  is  doubtless  relatively  feeble,  the 
volume  of  air  penetrated  by  it  is  at  least  one  hundred  times  that  of  the 
volume  at  Z  which  is  subject  to  direct  radiation. 

An  attempt  was  next  made  to  eliminate  secondary  radiation  and  realize 
experimentally  the  intense,  localized  ionization  which  Nolan  assumed  to 
exist  in  his  apparatus.  The  ionizing  agent  used  was  polonium  which 
emits  only  alpha  rays.  The  specimen  was  equivalent  in  ionizing  power 
to  about  1/40  mg.  of  radium  bromide.  With  an  air  velocity  of  4.1 
cm./sec.,  several  current-voltage  curves  were  determined  of  which  Fig. 
4,  ^,  is  typical.  This  curve  has  only  one  break  in  slope  corresponding  to 
a  critical  voltage  7.5  and  a  mobility  2.15  cms./sec.  It  will  be  noticed 
that  a  considerable  number  of  ions  are  driven  to  the  plate  at  voltages 
less  than  7.5.  This  was  attributed  to  turbulence  of  the  air  stream  and 
to  secondary  radiation.  To  decrease  the  former  the  height  of  the  ion 
box  was  reduced  fifty  per  cent.,  thus  increasing  the  ratio  of  length  to 
cross  section.     To  lessen  secondary  radiation  the  shield  over  Z  was 
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lowered  5  millimeters  thus  decreasing  the  size  of  the  openings  through 
which  the  radiation  might  pass.  Using  the  modified  ion  box  only  two 
curves  were  determined.  (See  Fig.  4,  B.)  The  intercepts  are  much 
more  sharply  defined  than  in  the  case  of  the  preceding  curve.     The  com- 
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Fig.  4. 

puted  mobilities,  1.96  and  2.13  cm./sec.  are  respectively  within  30  and  42 
per  cent,  of  the  accepted  value  for  moist  air.  The  agreement  is  not  close, 
but  it  is  sufficient  to  show  that  the  method  indicates  the  existence  of 
only  one  size  of  ion  of  approximately  normal  mobility. 

Summary. 

1.  Nolan  has  presented  evidence  indicating  the  existence  of  several 
sizes  of  high-mobility  ions. 

2.  The  writer,  after  duplicating  the  apparatus,  finds  no  evidence  for 
the  existence  of  several  groups. 

3.  General  ionization,  proved  to  exist  in  the  tube,  is  adequate  to  ex- 
plain the  experimental  curves.  It  is  not  necessary,  therefore,  to  assume 
the  existence  of  high  mobility  ions. 

4.  After  eliminating  general  ionization,  the  method  gives  approxi- 
mately the  mobility  value  found  by  other  workers. 

Note  Added  October  10,  1922. 

Further  evidence  as  to  the  existence  of  the  ions  of  high  mobility  has 
been  reported  by  Nolan  and  Harris.^  After  adopting  a  more  accurate 
alternating-field  method,  they  find  no  trace  of  the  mobile  ions.  The 
writer  believes  that  this  confirms  his  own  results,  but  Nolan  and  Harris 
explain  the  failure  to  detect  the  ions  on  the  assumption  that  in  the  new 
apparatus  the  ions  recombine  before  reaching  the  electrometer  plate. 
They  write  as  follows: 

"We  think  that  the  explanation  lies  in  the  one  radical  difference 
between  the  two  methods.     In  the  air-current  method  the  ions  of  one 

*  Proc  Royal  Irish  Acad..  Sect.  A.  XXXVI.,  p.  31,  1922. 
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sign  are  almost  immediately  separated  from  those  of  opposite  sign  and 
for  practically  all  their  path  in  the  measuring  vessel  are  moving  through 
air  free  from  other  ions.  In  the  alternating-field  method  the  ions  are 
in  contact  with  one  another  for  some  time  in  the  space  above  the  per- 
forated plate.  The  time  that  an  ion  spends  in  this  space  will  depend 
upon  the  value  of  the  field  there,  the  distance  from  the  place  where  it  is 
formed  to  the  perforated  plate,  and  its  mobility.  .  .  . 

**  It  seems  to  us  reasonable  to  suggest  that  the  alternating-field  method 
fails  to  reveal  the  faster  ions  because  they  have  disappeared  by  recom- 
bination. The  older  method  does  reveal  them  because  the  chances  of 
recombination  have  been  reduced  to  a  minimum." 

This  explanation  will  be  shown  to  be  quite  inadequate  since  the  ions 
in  the  older  method  are  by  no  means  **  immediately  "  removed  from  those 
of  opposite  sign.  Indeed,  the  time  available  for  recombination  is  actually 
much  greater  in  the  older  apparatus.  In  this  method  the  ions  are 
produced  in  the  space  immediately  below  a  lead  plate  2.2  cms.  wide 
(Fig.  I,  Z),  and  are  not  subject  to  the  electric  field  and,  consequently, 
are  not  separated  from  those  of  opposite  sign  until  they  have  moved 
forward  an  average  distance  of  at  least  i.i  cms.  The  air  velocity  being 
6  cm./sec.,  the  time  available  for  recombination  is  at  least  1/5  second. 
In  the  newer  apparatus  the  ions  after  being  produced  in  a  box  4  cms.  high 
are  driven  downward  toward  a  perforated  plate  through  which  they 
pass  into  the  condenser  proper.  Until  they  reach  this  plate  they  are  in 
contact  with  ions  of  opposite  sign  and  are  subject  to  recombination. 
The  mean  distance  to  the  plate  is  thus  2  cms.,  the  field  strength  was 
4  volt/cm.  and  the  time  available  for  recombination  for  the  three  fastest 
ions  (mobilities  12,  7,  and  4  cm./sec.)  would  be  respectively  1/24,  1/14, 
and  1/8  seconds.  Thus  the  times  available  for  recombination  were 
respectively  1.6,  3,  and  5  times  greater  in  the  older  apparatus  than  in 
the  new. 

After  failing  to  detect  the  ions  in  moist  air,  Nolan  and  Harris  next 
introduced  a  new  condition  by  drying  and,  using  the  new  apparatus, 
found  an  abundance  of  faster  ions.  These  results,  however,  must  be 
regarded  with  caution  since  they  are  quite  opposite  to  those  of  Loeb,^ 
who  also  used  an  alternating-field  method.  He  dried  the  air  so  thor- 
oughly that  free  electrons  were  detectable  for  several  days,  but  found 
no  trace  of  abnormally  mobile  ions. 

The  University  of  Pittsburgh. 

Department  of  Physics, 

Pittsburgh,  Pa. 

iPHYS.  Rev.,  XVIIL.  p.  89,  1921;  XVIII.,  p.  633.  1916.  Nat.  Acad.  Sci.  Proc  (6).  p. 
435.  1920. 
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A  PHOTOGRAPHIC  STUDY  OF  SOUND  PULSES  BETWEEN 

CURVED  WALLS  AND  SOUND  AMPLIFICATION 

BY  HORNS. 

By  Arthur  L.  Foley. 

Synopsis. 

Photographic  Study  of  Sound  Pulses  Passing  between  Walls  Corresponding  to 
Sections  along  a  Straight  Tube,  a  Crooked  Tube,  a  Megaphone  and  a  Conu^  Horn 
Receiver. — Using  the  photographic  method  previously  developed  by  the  author,  four 
pairs  of  brass  plates,  each  of  the  proper  section,  were  arranged  radially  about  the  axis 
of  the  sound-producing  spark  so  as  to  provide  the  four  passages  to  be  studied.  As 
the  sound  pulse  progressed  through  these  passages,  instantaneous  photographs 
registered  its  position  at  various  stages.  Six  of  these  are  reproduced.  They  clearly 
show  that  whenever  a  pulse  moves  at  an  angle  to  a  wall  there  is  reflection  in  exact 
accord  with  Huygen's  construction.  Sound  pulses,  therefore,  do  not  glide  around 
bends  in  tubes  without  appreciable  reflection.  In  the  case  of  a  pulse  emerging  from 
the  open  end  of  a  tube  or  horn,  the  per  cent,  of  the  energy  reflected  is  small,  while 
much  of  the  energy  of  a  pulse  entering  the  large  end  of  a  conical  horn  is  reflected 
back  out  of  the  end  it  entered. 

Sound  amplification  produced  by  four  horn  receivers  of  different  flares  and  with 
ratios  of  end  areas  varying  from  7.8  to  256  was  roughly  measured  outdoors  and 
also  in  a  special  room  with  sound-absorbing  walls,  using  both  a  Rayleigh  disk  and 
a  Webster  phonometer.  The  amplifying  factors  found  were  from  three  to  twenty 
times  less  than  would  be  expected  from  the  simple  condenser  theory,  which  is 
clearly  untenable.  It  is  concluded  that  the  amplification  is  a  result  of  both  resonance 
and  condensation. 

Prevailing  Theories. 

That  the  sound  energy  falling  upon  the  ear  or  other  form  of  sound 
receiver  may  be  considerably  increased  by  placing  the  receiver  at  the 
small  end  of  a  conical  horn  is  a  matter  of  common  observation.  The 
correct  explanation  of  the  amplifying  action  of  the  horn  is  quite  an- 
other matter.  In  the  opinion  of  the  writer  the  complete  explanation 
has  not  yet  been  given.  Certain  it  is  that  the  horn  is  not  merely  a 
condenser,  nor  is  it  merely  a  resonator.  The  former  idea  is  the  most 
common  and  the  farthest  from  the  truth.     Doubtless  many  of  us  have 
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thought  of  a  conical  horn  as  a  sound  condenser  through  which  sound 
passes  like  liquid  or  shot  through  a  funnel.  Most  textbooks  that  say 
anything  at  all  about  horns  give  substantially  such  an  "explanation." 

Quoting  from  one  of  the  older  books:  "The  reinforcing  action  of  the 
ear  trumpet  has  been  attributed  to  the  successive  reflections  of  the  sound 
waves,  which  multiplies  their  action  on  reaching  the  tym|>anum.  But, 
as  in  the  speaking  trumpet,  experiment  has  shown  that  the  influence  of 
the  walls,  and  consequently  the  reflection  of  their  inner  surface,  is  very 
feeble,  if  any  at  all.  The  effect  produced  is  in  reality  owing  to  the  pro- 
gressive diminution  of  the  sections  of  the  air  surface  which  transmit  the 
sound  and  which  then  transmit  it  with  increasing  energy  towards  the 
organ.  This  effect  may  be  compared  with  that  of  a  jet  of  water  which 
issues  from  the  orifice  of  a  hose  with  much  greater  force  than  a  body  of 
water  of  equal  diameter  in  the  interior  of  the  pump  barrel."  ^ 

Quoting  from  one  of  the  latest  textbooks:  "The  ordinary  speaking 
tubes  connecting  distant  rooms  in  buildings  depend  not  on  regular  re- 
flection, but  on  the  fact  that  the  air  particles  next  the  inner  surface  of 
the  tube  vibrate  most  easily  parallel  with  the  surface;  this  causes  the 
direction  of  vibration  to  be  deflected  by  gradual  bends  in  the  tube,  and 
consequently  the  wave  runs  along  the  tube  without  reflection.  In  ear 
trumpets,  by  the  constraint  of  the  smooth  walls  of  the  tube,  the  wave 
entering  the  wide  end  is  gradually  diminished  in  area  till  it  emerges  at 
the  small  end  carrying  all  the  energy  that  entered  at  the  large  end. 
Thus  if  the  large  end  is  lOO  times  that  of  the  small  end,  the  energy  per 
cubic  centimeter  in  the  emergent  wave  is  loo  times  as  great  as  in  the  wave 
which  entered  the  trumpet,  neglecting  loss  by  friction,  etc."  *  The  re- 
deeming word  in  this  explanation  is  "etc." 

Over  against  the  notion  that  the  horn  is  a  condenser  we  have  the  state- 
ment that  it  is  a  resonator.  "The  effect  of  the  horn  is  to  reinforce  the 
the  vibrations  which  enter  it  due  to  the  resonance  properties  of  the  air 
inclosed  by  the  horn.  .  .  .  The  horn  is  an  air  resonator  .  .  .  the  re- 
sponse below  the  fundamental  of  the  horn  is  very  feeble."  • 

Quoting  from  the  classic  treatise  of  Lord  Rayleigh:*  "The  case  of 
progressive  waves  moving  in  a  tube  of  variable  section  is  also  interesting. 
In  its  general  form  the  problem  would  be  one  of  great  difficulty;  but 
where  the  change  of  section  is  very  gradual,  so  that  no  considerable  altera- 
tion occurs  within  a  great  many  wave  lengths,  the  principle  of  energy 
will  guide  us  to  an  approximate  solution.     It  is  not  difficult  to  see  that 

*  Guillemin.  Application  of  PhyBical  Forces,  p.  114. 

*  A.  L.  Kimball.  College  Physics,  Revised  Edition,  pp.  196-197. 

*  Dayton  C.  Miller,  The  Science  of  Musical  Sounds,  pp.  156  and  159. 

*  Lord  Rayleigh,  The  Theory  of  Sound,  Vol.  II.,  p.  63. 
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in  the  case  supposed  there  will  be  no  sensible  reflection  of  the  wave  at 
any  part  of  its  course,  and  that  the  energy  of  the  motion  must  remain 
unchanged  .  .  .  from  which  it  follows  that  as  the  waves  advance  the 
amplitude  of  vibration  varies  inversely  as  the  square  root  of  the  section 
of  the  tube.  In  all  other  respects  the  type  of  vibration  remains  abso- 
lutely unchanged.  From  these  results  we  may  get  a  general  idea  of  the 
action  of  an  ear  trumpet.  It  appears  that  according  to  the  ordinary 
approximate  equations  there  is  no  limit  to  the  concentration  of  sound 
producible  in  a  tube  of  gradually  diminishing  section." 

In  the  light  of  the  theory  of  reciprocity^  it  is  difficult  to  harmonize  the 
above  statement  with  one  by  the  same  author  a  few  pages  later  when 
speaking  of  the  action  of  a  trumpet.  "From  the  theory  of  diffraction 
it  appears  that  the  sound  will  not  fall  off  to  any  great  extent  in  a  lateral 
direction,  unless  the  diameter  of  the  large  end  exceed  half  a  wave  length. 
The  ordinary  explanation  of  the  effect  of  a  conmion  ear  trumpet,  de- 
pending on  a  supposed  concentration  of  the  rays  in  an  axial  direction,  is 
thus  untenable."  * 


FIG.  I 


In  view  of  such  conflicting  opinions,  the  writer  decided  to  subject  the 
question  to  experiment;  by  photographing  sound  waves  passing  through 
channels  and  by  measuring  the  increase  in  intensity  of  a  sound  at  a  point 
when  a  conical  horn  is  used  as  a  "condenser." 

Photographic  Method. 

Figure  i  is  intended  to  show  only  the  general  principles  of  the  photo- 
graphic method  used.  Details  of  the  light  gap,  "camera"  box,  spark 
control,  etc.,  may  be  found  in  some  of  the  writer's  earlier  papers.* 

»  Ibid..  Vol.  I.,  p.  150. 

«  Ibid..  Vol.  II..  p.  102. 

*  A  New  Method  of  Photographing  Sound  Waves.  Phys.  Rev.,  XXXV.,  Nov.,  1912,  p.  373" 
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/  and  J'  are  capacities,  each  of  from  one  to  five  Leyden  jars,  averaging 
525  cm.  each,  connected  to  the  electrodes  E  and  E'  of  an  electric  induc- 
tion machine  capable  of  producing  sparks  twenty  to  thirty  centimeters 
long.  The  spark  gaps  G,  G',  S  and  L  are  in  series.  When  the  capacity 
/,  J'  is  discharged  through  the  gaps  G,  G',  sparks  pass  at  both  S  and  L. 
The  spark  at  5  takes  place  between  platinum  terminals  at  the  ends  of 
the  brass  rods  P  and  Q  and  produces  a  sound  wave.  By  properly  adjust- 
ing the  length  of  the  light  spark  L  (i  to  3  cm.)  and  the  capacity  X*  (six  to 
twenty  Leyden  jars),  the  light  spark  can  be  retarded  until  the  sound  wave 
produced  by  the  sound  spark  at  S  has  had  time  to  travel  a  short  distance 
radially  outward  from  the  axis  of  the  sound  spark.  Then  when  the  light 
spark  occurs,  it  casts  a  shadow  of  the  sound  wave  on  the  photographic 
dry  plate  P.^  B  is  the  shadow  of  hard  rubber  buttons  placed  on  the  rods 
at  each  end  of  the  sound  spark  gap  to  minimize  the  fogging  of  the  dry 
plate  by  the  light  from  the  sound  spark. 

•  In  order  to  study  the  passage  of  sound  waves  between  walls  and  plates, 
several  plates  were  cut  from  sheet  brass,  and  shaped  and  disposed  about 
the  sound  spark  as  shown  in  the  figure.  The  plates  were  supported  by 
soldering  them  at  one  corner  to  a  narrow  brass  ring,  the  ring  being  placed 
beyond  the  end  of  the  spark  gap  so  as  to  interfere  but  little  with  the  wave 
produced  by  the  sound  spark.  The  rod  i?,  supporting  the  ring,  and  the 
rods  P  and  Q  were  placed  in  line  with  the  light  gap  so  that  they  cast  but 
one  shadow  on  the  dry  plate. 

The  writer  was  not  very  successful  in  photographing  sound  waves 
through  transparent  tubes  and  horns.  The  curvature  of  the  walls  of 
the  tubes  so  interfered  with  the  passage  of  the  light  through  them  that 
the  waves  could  be  photographed  only  at  points  along  the  axes  of  the 
tubes.  The  writer  concluded,  therefore,  to  curve  some  plates  and  so 
place  them  with  respect  to  one  another  and  to  the  sound  spark  axis  that  a 
vertical  section  at  right  angles  to  the  spark  axis  would  correspond  to  a 
longitudinal  section  of  a  tube  or  a  horn.  The  shadow  of  plates  so  dis- 
posed, shown  in  Fig.  i,  is  the  projection  of  such  a  section.  Thus  C  repre- 
sents a  longitudinal  section  of  a  straight  cylindrical  tube,  T  a  crooked 
tube,  M  a  megaphone,  and  H  a  flared  conical  horn.  For  convenience  they 
will  be  designated,  respectively,  straight  tube,  crooked  tube,  megaphone 
and  horn.  The  spaces  between  the  megaphone  and  the  tubes  on  each  side 
were  closed  to  bring  out  more  clearly  their  outlines.  In  the  directions  D 
and  D'  the  wave  was  free  to  travel  without  interference  from  reflecting 
surfaces. 

Except  in  so  far  as  sound  intensity  aff^ects  sound  velocity,  it  would 
appear  that  the  shadow  of  a  cylindrical  sound  pulse  passing  between  plates 

1  Proc.  Ind.  Acad.  Sci.,  1915,  p.  305. 
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curved  and  disposed  as  shown  in  the  figure  should  represent  a  longitudi- 
nal section  of  a  spherical  pulse  through  tubes  to  whose  longitudinal  sec- 
tion the  plate  shadows  correspond.  Further,  that  the  wave  form  in  cylin- 
drical tubes  and  horns  for  spherical  pulses  of  the  same  radii  as  the 
cylindrical  pulses  would  be  obtained  in  the  case  of  all  but  the  crooked 
tube  by  rotating  each  system  about  its  longitudinal  axis. 

It  might  be  urged  that  we  are  dealing  here  with  a  sound  pulse  and  not 
a  sound  wave.  The  writer^  has  shown  that  the  velocity  of  such  a  pulse, 
except  for  points  very  near  the  spark  axis,  is  the  same  as  the  velocity  of  a 
train  of  sound  waves.  Indeed,  the  pulse  is  more  than  a  condensation 
only.  In  a  study  not  yet  published  the  writer  has  found  that  an  electric 
spark  produces  both  a  condensation  and  a  rarefaction  and  that  the  dis- 
turbed air  shell  near  a  spark  is  one  wave  length  thick.  But  more  to  the 
point  is  the  fact  that  the  wave  pictures  show  that  the  waves  are  exactly 
where  we  should  expect  them  to  be  by  Huygen's  construction. 

Figures  2  to  7,  inclusive,  show  successive  stages  of  an  expanding  spark 
wave,  the  average  time  interval  between  each  of  the  six  wave  positions 
being  about  0.00003  sec.  Figure  3  is  a  double  exposure,  with  a  time 
interval  of  only  0.000006  sec.  As  would  be  expected,  all  six  pictures 
show  that  the  waves  passed  through  the  straight  tube  and  megaphone 
without  appreciable  reflection,  and  that  the  megaphone  wave  suffered 
the  greater  attenuation.  But  on  examining  the  waves  through  the 
crooked  tube  and  through  the  horn  we  find  convincing  evidence  that 
what  has  occurred  is  not  just  what  some  of  us  have  been  thinking 
would  happen  in  such  cases. 

All  the  pictures  show  that  there  was  energy  reflection  in  every  case 
except  when  the  wave  front  was  at  right  angles  to  the  surface  and  the 
motion  of  the  air  parallel  to  the  surface  of  the  tube.  In  the  case  of  the 
horn  there  was  continuous  reflection  from  one  end  to  the  other,  even  at 
the  small  end  where  the  angle  of  the  cone  is  very  small.  In  the  case  of 
the  crooked  tube  there  were  successive  reflections.  For  the  crooked 
tube,  Fig.  6  and  Fig.  7  show  respectively  an  emerging  and  emerged  wave 
much  more  attenuated  than  in  the  case  of  the  straight  tube  of  the  same 
size.  A  considerable  portion  of  the  wave  energy  appears  to  be  trapped 
inside  the  tube.  However,  it  will  be  observed  that  the  reflected  waves 
in  general  were  headed  toward  the  outer  end  of  the  tube.  This  is  not 
true,  however,  of  the  horn.  Here  the  advancing  wave  shows  unmistak- 
able evidence  of  intensity  increase  or  condensation,  and  that  it  emerged 
from  the  small  end  of  the  horn  considerably  amplified.  But  most  of  the 
energy  was  lost  so  far  as  the  small  end  of  the  horn  is  concerned.     The 

*  Proc.  Ind.  Acad.  Sci.,  1915,  p.  299;  1918,  p.  221.  Phys.  Rev.,  N.S.,  XVI.,  Nov.,  1920. 
p.  449. 
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lost  energy  was  contained  in  the  reflected  waves  which,  as  the  photo- 
graphs show,  headed  the  wrong  way — '* backing  out**  of  the  horn. 

Intensity  Measurements. 

Some  sound  intensity  measurements  substantiated  what  the  photo- 
graphs clearly  suggest,  that  the  condensing  power  of  a  horn  is  not  the 
quotient  of  the  areas  of  the  two  ends,  that  it  is  not  even  of  the  same  order 
of  magnitude  in  the  case  of  horns  of  considerable  angle. 

The  source  of  sound  was  an  organ  pipe  blown  by  air  from  a  tank  in 
which  a  constant  pressure  was  maintained  by  an  electrically  driven 
compressor.  Intensity  measurements  were  made  with  both  the  Ray- 
leigh  Disk^  and  the  Webster  Phonometer.*  The  intensity  was  measured 
at  a  given  point,  without  horn.  Then  the  horn  was  placed  in  position 
and  the  intensity  measured  again -^  at  the  same  point.  The  quotient 
of  the  latter  intensity  by  the  former  is  called  the  amplifying  power  or 
amplification.  If  called  the  condensing  power  it  should  be  remembered 
that  it  includes  the  amplification  due  to  resonance. 

The  chief  difficulty  encountered  in  these  measurements  was  due  to 
reflection  from  the  walls  of  the  room.  In  a  room  25  X  35  feet,  except  for 
certain  well-defined  interference  regions,  the  sound  was  about  equally 
intense  everywhere  and  was  practically  the  same  when  the  receiving 
horn  faced  the  source  as  when  turned  in  the  opposite  direction.  Then, 
too,  the  intensity  was  practically  independent  of  the  direction  of  the 
axis  of  the  sounding  organ  pipe  with  respect  to  the  receiving  horn,  and  it 
varied  but  little  with  change  of  distance  between  source  and  receiver. 

The  apparatus  was  then  set  up  out  doors  as  far  as  possible  from  build- 
ings, trees,  and  objects  that  would  act  as  reflectors.  The  two  chief 
sources  of  trouble  outside  were  ground  reflection  and  varying  air  cur- 
rents.    However,  fairly  consistent  intensity  measurements  were  obtained. 

The  most  reliable  results  were  obtained  when  the  apparatus  was  set 
up  in  a  double-walled,  constant  temperaure  room  in  the  basement  of  the 
physics  laboratory.  The  room  was  practically  sound  proof  for  sounds 
originating  outside.  To  reduce  the  reverberation  the  walls  were  covered 
with  the  material  which  could  be  had  quickest  and  without  expense. 
Amongst  other  things  there  were  several  hundred  large  gunny  sacks 
and  a  number  of  lap  robes,  blankets  and  comforters.  The  absorption 
waF  by  no  means  all  that  could  be  desired.  But  it  enabled  the  making 
of  measurements  in  substantial  agreement  amongst  themselves  and  with 
those  made  out  doors,  and  sufficiently  reliable  to  disprove  the  statement 
that  a  horn  is  a  condenser. 

1  Rayleigh,  Theory  of  Sound,  Sec.  253b. 

*  Webster,  Proc.  Nat.  Acad,  of  Sc.,  Vol.  5,  May,  1919,  p.  163.     Ibid.,  July,  1919,  p.  275. 
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Measurements  were  made  with  organ  pipes  of  different  pitch  placed 
at  different  distances  from  the  receiving  apparatus.  The  horns  used, 
four  in  number,  were  made  of  sheet  zinc.  All  were  thirty  inches  long 
when  measured  along  the  axis,  and  one  and  one  quarter  inches  in  diame- 
ter at  the  small  end.  The  large  end  diameters  were  such  that  the  ratios 
of  the  areas  of  the  large  and  small  ends  were  respectively  7.8,  33,  122, 
and  256. 

Inasmuch  as  this  experiment  is  to  be  repeated  under  wider  and  more 
favorable  conditions  than  previously  obtained,  the  writer  will  defer  any 
extended  publication  and  discussion  of  data.  The  following  table,  how- 
ever, indicates  the  general  character  of  the  results: 


I>ista]ie«  between 

Ratio  of  Bnd 
Areas  of  Home. 

Amplifying  Factor. 

Source  mnd  Receiver. 

ByRaylei^Diek. 

By  W^ebcter  Pbononieter.  ■ 

8.0  feet 

7.8 

33.0 

122.0 

256.0 

7.8 

33.0 

122.0 

256.0 

3.1 

7.9 

11.9 

13.0 

2.6 

9.1 

10.3 

8.3 

2.9 

8.0    "    

4.3 

8.0    "    

6.0 

8.0    "    

7.3 

6.5    "    

2.0 

6.5    •*   

4.3 

6.5    "   

6.0 

6.5    "    

6.5 

The  author  attaches  no  importance  to  the  data  in  the  above  table 
from  the  standpoint  of  their  absolute  values.  There  is  no  question, 
however,  as  to  the  order  of  the  quantities  involved.  This  being  true, 
the  condensing  power  of  horns  is  not  even  approximately  what  it  has 
been  represented  to  be  by  many  writers.  For  instance,  if  the  ''con- 
denser" theory  were  true,  the  amplifying  power  of  the  larger  horn  should 
be  256  (neglecting  friction  —  small  in  this  case).  The  average  of  the 
four  values  given  in  the  table  is  8.8.  The  highest  amplification  obtained 
was  13,  about  one  twentieth  the  theoretical  value. 

It  will  be  noted  that  the  intensity  ratios  given  by  the  Rayleigh  disk 
run  higher  than  those  given  by  the  Webster  phonometer.  This  may  be 
due  to  the  fact  that  the  Rayleigh  disk  was  suspended  in  free  air  —  with- 
out resonator  or  enclosure  —  while  the  vibrating  disk  of  the  phonometer 
was  mounted  at  the  end  of  a  cylindrical  resonator.  At  such  limited  dis- 
tances between  source  and  receiver  and  with  a  sound  as  intense  as  that 
produced  by  an  organ  pipe  (frequency  256),  the  phonometer  was  so  sensi- 
tive it  could  not  be  used  when  its  resonator  was  in  tune  with  the  source. 
Therefore,  the  phonometer  was  not  used  as  designed  to  be  used,  with 
both  disk  and  resonator  in  unison  with  the  sound  to  be  measured.  The 
disk  only  was  so  adjusted. 
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The  resonance  theory  of  horn  amplification  requires  that  some  of  the 
energy  of  an  emerging  wave  be  reflected  back  into  the  horn.  Figures 
2  to  7  show  that  in  the  case  of  a  spark  wave  the  amount  of  the  energy 
reflected  at  the  open  end  of  a  pipe  or  horn  is  too  small  to  give  any  trace 
of  a  reflected  wave. 

Conclusions. 

1.  The  amplification  of  sound  at  the  small  end  of  a  conical  receiving 
horn  is  due  to  both  resonance  and  condensation. 

2.  The  amount  of  sound  energy  "condensed"  at  the  small  end  of  a 
conical  horn  receiver  is  but  a  small  fraction  of  that  demanded  by  the 
"condenser"  theory.     This  theory  is  not  tenable. 

3.  Sound  pulses  do  not  "glide  around  bends"  in  tubes  and  "slip" 
along  slanting  walls  "without  appreciable  reflection."  There  is  reflec- 
tion at  a  surface  whenever  the  molecules  of  air  next  the  surface  vibrate 
in  any  direction  not  parallel  to  that  surface.  Huygen's  construction 
applies  in  every  case. 

4.  Much  of  the  energy  of  the  waves  reflected  in  a  crooked  tube  of 
small  angle  may  eventually  emerge  at  the  far  end,  but  the  several  waves 
arrive  at  different  times.  Thus  the  form  of  the  emerging  wave  may  be 
widely  different  from  that  of  the  entering  wave. 

5.  Much  of  the  energy  of  a  wave  entering  the  large  end  of  a  conical 
horn  is  reflected  and  eventually  leaves  the  horn  at  the  end  it  entered.  The 
wider  the  horn  angle  the  greater  the  per  cent,  of  energy  thus  "lost." 

6.  Of  the  energy  of  an  emerging  sound  wave  the  per  cent,  reflected  at 
the  open  end  of  a  tube  is  small. 

Waterman  Institute  por  Research. 
Indiana  UNivBRsmr, 
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AN  EXPERIMENTAL  INVESTIGATION  OF  THE  DISPERSION 
OF  A  LIMITED  WAVE  TRAIN. 

By  Irvin  H.  Solt. 
Synopsis. 

Dispersion  by  a  Prism  of  a  Limited  Train  of  Hertzian  Waves,  7.8  and  p  cm.  Long. — 
According  to  the  theory  developed  by  Sommerfeld,  Brillouin,  and  Colby,  some 
energy  should  be  propagated  through  the  prism  undeviated,  the  proportion  de- 
creasing as  the  angle  of  incidence  is  increased.  This  conclusion  has  now  been 
experimentally  confirmed.  To  insure  a  large  number  of  short  wave  trains,  a  pliotron 
circuit  adjusted  to  a  frequency  of  170,000  cycles  was  used  to  energize  a  modified 
Righi  vibrator  consisting  of  two  steel  balls  suitably  mounted  close  together.  The 
waves  so  generated  were  sent  as  a  parallel  beam  through  an  opening  in  a  wall  to  a  30^ 
pitch  prism,  and  the  energy  as  a  function  of  the  angle  of  deviation  was  determined 
by  means  of  a  molybdenite  crystal  detector,  in  series  with  a  sensitive  galvanometer, 
placed  at  the  focus  of  a  parabolic  mirror.  Various  possible  sources  of  error  were 
eliminated  or  corrected  for.  The  undeviated  energy  was  found  to  decrease  from 
26  per  cent,  for  o®  incidence  to  8  per  cent,  for  35®  incidence,  in  general  agreement 
with  the  theory. 

Index  of  refraction  of  pitch  for  Hertzian  waves,  7.B  cm.  long,  was  found  to  be  1.99. 

Introduction. 

IN  the  neighborhood  of  an  absorption  band  the  index  of  refraction  of 
a  dispersing  medium  may  be  less  than  unity  and  consequently  the 
velocity  with  which  a  given  wave  crest  in  a  monochromatic  wave  train 
is  propagated  may  exceed  its  velocity  in  vacuum.  This  is  true  only 
after  the  medium  has  reached  a  steady  state,  i.e.,  theoretically,  for  an 
infinite  wave  train.  From  this  one  might  conclude  that  a  signal  could 
be  sent  with  a  velocity  greater  than  the  velocity  of  light  in  vacuum  in 
contradiction  to  the  principle  of  relativity.  A  signal,  however,  must 
diflFer  from  an  infinite  monochromatic  wave  train  in  that  it  has  some 
peculiarity  of  form,  a  beginning  or  an  end,  by  means  of  which  it  can  be 
identified.  Sommerfeld  ^  was  the  first  to  attack  this  problem  theoreti- 
cally, taking  as  his  signal  the  limited  sine  wave 

/(/)  =  sin  ?^^        for  o  <  /  <  r, 

/(/)  =0,  for  /  <  o  and  /  >  T, 

incident  perpendicularly  on  the  dispersing  medium.  He  expresses  the 
signal  in  the  form  of  a  Fourier  integral  which  represents  thie  sum  of  an 
infinite  number  of  infinite  wave  trains.     Having  done  this  he  applies 

»  Sommerfeld,  Ann.  d.  Phys.,  44,  p.  I77.  1914. 
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the  ordinary  dispersion  theory  and  obtains^an  int^^ral  representing  the 
disturbance,  a  distance  x  in  the  dispersing  medium,  as  a  function  /(/,  x) 
of  /  and  X,  which  he  evaluates  by  Cauchy's  method  of  integration  in  the 
complex  plane.  The  result  shows  that  in  all  cases,  including  the  region 
of  anomalous  dispersion,  the  front  of  the  wave  train  arrives  at  a  point  x 
in  the  medium  in  a  time  /  =  xlc  and  consequently  travels  with  vacuum 
velocity.  The  amount  of  energy  which  arrives  at  a  given  point  with 
this  velocity  is  very  small  and  consists  of  waves  which  are  very  short 
compared  with  the  incident  radiation. 

The  work  of  Sommerfeld  was  extended  by  Brillouin,^  who  treated  the 
complex  integration  of  the  integral  /(/,  x)  more  exhaustively.  He  de- 
fines the  arrival  of  the  signal  as  the  moment  when  the  amplitude  of  the 
disturbance  reaches  half  its  final  value.  Colby*  investigated  the  case  of 
oblique  incidence,  both  with  reference  to  form  and  direction  of  propaga- 
tion of  the  first  part  of  the  disturbance.  He  showed  that  in  this  case 
also  the  wave  front  is  propagated  with  vacuum  velocity  and  is  undeviated 
at  the  boundary.  As  time  goes  on  the  disturbance  in  the  medium 
swings  continuously  toward  the  normal  until  the  steady  state  is  reached 
when  it  has  the  direction  required  by  the  ordinary  law  of  refraction. 
The  period  of  the  first  part  of  the  disturbance  is  very  short  and  the 
amplitude  very  small.  Both  quantities  decrease  with  increasing  obliquity, 
and  increase  as  time  goes  on,  the  latter  passing  through  a  maximum  and 
minimum  before  the  steady  state  is  reached. 

Consider  now  a  wave  train  incident  on  a  prism  (Fig.  i).  According  to 
the  theory  outlined  above,  the  front  of  the  wave  train  will  pass  through 

the  prism  undeviated  and  arrive  at 
the  point  A  on  the  arci4-BC.  The 
succeeding  part  of  the  disturbance 
will  arrive  at  consecutive  points 
the  emerging  beam  after  the  steady 
along  i45, 05  being  the  direction  of 
state  has  set  in.  The  disturbance 
which  arrives  at  points  between  A 
and  5  is  a  transient  effect  which  precedes  the  establishment  of  the  steady 
state.  It  is  the  object  of  this  investigation  to  detect  this  effect  ex- 
perimentally. 

Since  the  effect  we  are  investigating  is  very  small  and  associated  only 
with  the  beginning  of  a  wave  train,  it  is  essential  to  use  a  source  of 
radiation  which  emits  a  very  large  number  of  short  wave  trains  per 

*  Brillouin,  Ann.  d.  Phys.,  44,  p.  203,  1914. 

*  Colby,  Phys.  Rev.,  V.,  3,  191 5. 
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Fig.  2. 
Different  methods  for  holding  vibrator. 


second.  The  limited  sine  wave  assumed  by  Sommerfeld  cannot  be 
realized  experimentally.  The  most  convenient  type  of  radiation  to  use 
is  the  highly  damped  wave  emitted  by  a  Righi  vibrator.  In  this  case 
most  of  the  energy  will  be  in  the  first  period  and  hence  the  effect  we  are 
looking  for  will  be  a  larger  proportion  of  the  total  energy  than  would  be 
the  case  if  a  longer  wave  train  were  used. 

The  Vibrator. 

The  source  of  radiation  was  a  slightly  modified  form  of  Righi  vibrator 
similar  to  the  type  frequently  used  in  recent  work  ^  with  short  Hertzian 
waves.  It  consisted  of  two 
steel  balls  .95  cm.  in  diam-  QC' 
eter  resting  in  sockets  ground 
in  a  glass  holder,  or  held  be- 
tween strips  of  wood.  For 
an  air  gap  and  electric  vector 
horizontal  the  holder  shown 
partly  in  Fig.  2 A  was  used. 
It  was  made  as  follows :  A  piece 
of  glass  tubing  35  cm.  long 
and  .95  cm.  in  diameter  was  bent  in  the  shape  of  a  wide  U,  having  vertical 
sides  8  cm.  long.  The  horizontal  portion  was  then  bent  into  a  loop  until 
the  vertical  sides  almost  touched.  A  glass  tube  sealed  to  the  under  side 
of  the  loop  serves  as  a  support.  It  is  fastened  to  a  horizontal  slider  which 
makes  it  possible  to  adjust  the  balls  accurately  at  the  focus  of  the  para- 
bolic reflector.  The  gap  between  the  balls  was  adjusted  by  means  of 
a  thin  piece  of  glass  forced  between  the  two  nearly  parallel  vertical 
portions  of  the  holder. 

When  an  oil  gap  was  used  the  holder  was  similar  to  the  above  except 
that  the  vertical  parts  were  bent  out  immediately  below  the  balls,  as 
shown  in  Fig.  2B.  This  permitted  the  oil  to  flow  away  freely  and  reduced 
to  a  minimum  fouling  of  the  gap  due  to  deposits  of  carbon  from  the 
decomposing  oil.  To  keep  the  balls  firmly  seated  it  was  necessary  to 
connect  the  holder  to  a  filter  pump.  Paraffine  lubricating  oil  was  con- 
tained in  a  reservoir  above  the  reflector  whence  it  flowed  through  a 
glass  tube  and  issued  from  a  capillary  nozzle  a  few  millimeters  above  the 
gap.  The  spent  oil  was  caught  in  a  receptacle  immediately  below  the 
reflector,  and  was  used  repeatedly,  being  filtered  occasionally  to  remove 
the  carbon. 

» Webb  and  Woodman,  Phvs.  Rev..  XXIX.,  p.  89,  1909;  Woodman  and  Webb,  Phys. 
Rev.,  XXX..  p.  561,  1910;  Severinghaus  and  Nelms,  Phys.  Rev.,  I.,  p.  411,  1913;  and  others. 
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Some  observations  were  made  with  the  electric  vector  vertical.  In 
this  case  the  two  balls  were  held  between  two  thin  strips  of  wood,  1.7  cm. 
by  2.8  cm.,  one  end  of  which  was  glued  to  a  piece  .9  cm.  square  and  1.7 
cm.  long  (Fig.  2C).  A  glass  rod  waxed  to  the  latter  served  as  a  support. 
The  leads  to  the  vibrator  consisted  of  brass  wire  2  mm.  in  diameter 
passing  through  ebonite  bushings  in  the  reflector  immediately  behind 
the  vibrator.  The  ends  were  rounded  off  and  a  short  piece  bent  over  45**. 
The  reflector  was  a  sheet  of  silver-plated  copper  in  the  form  of  a  para- 
boloid of  revolution,  having  an  aperture  50.8  cm.  in  diameter,  a  depth 
of  13.8  cm.  and  a  focal  length  of  11.4  cm.  It  was  mounted  on  a  rigid 
stand  with  its  axis  horizontal  and  155  cm.  above  the  floor. 

As  pointed  out  above,  it  is  necessary  that  the  vibrator  emit  a  large 
number  of  wave  trains  per  second.  To  satisfy  this  condition  the  alternat- 
ing potential  used  to  excite  the  vibrator  must  have  as  high  a  frequency 
as  possible.  At  first  a  lO-in.  induction  coil  operating  on  60  volts  and 
a  mercury  jet  interrupter  giving  about  900  interruptions  per  second 
were  employed.  The  oil  gap  already  described  was  used  with  this  coil. 
It  was  necessary  to  regulate  the  current  through  the  gap  by  means  of  a 
large  water  resistance  in  series  with  the  secondary  of  the  induction  coil. 
When  this  was  not  done  the  gap  readily  fouled  and  the  vibrator  became 
very  erratic. 

The  observations  taken  with  the  induction  coil  will  be  discussed  later. 
They  indicated  the  existence  of  the  effect,  but  the  galvanometer  deflec- 
tions for  small  devia- 
tions were  only  a  few 
millimeters.  It  was 
therefore  desirable  to  re- 
place the  induction  coil 
by  some  device  which 
would  give  a  higher  fre- 
quency. This  was  ac- 
complished by  means  of 
the  pliotron  circuitshown 
in  Fig.  3.  The  essential 
features  of  this  circuit 
are  a  large  inductance 
and  a  small  capacity.^ 
The  inductances  Lu  Lt 
„..     *^'    *    .  were  about  5    millihen- 

Photxon  circuit.  , 

nes  each  wound  in  four 

>  W.  C.  White,  Gen.  Elec.  Rev..  Aug.,  191 7- 
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units.  Each  unit  consisted  of  from  60  to  75  turns  of  No.  20  wire 
diameter  and  20  cm.  long.  Lz  and  L4  were  of  wound  on  a  wooden 
polygonal  frame,  the  winding  being  30  cm.  in  the  variometer  type, 
the  settings  being  usually  about  .1  and  .5  millihenry  respectively. 
The  condenser  C  consisted  of  two  sheets  of  tin  45  cm.  by  50  cm. 
supported  on  four  glass  rods  passing  through  holes  near  each  comer, 
and  separated  by  pieces  of  glass  tubing  10  cm.  long  fitting  over  the 
glass  rods.  The  water  resistance  R  was  necessary  to  prevent  the 
oscillatory  discharge  of  the  condenser  C,  through  the  circuit  con- 
taining the  vibrator.  Two  type  P  pliotrons  were  used  in  parallel. 
At  the  frequency  employed  (170,000)  the  energy  emitted  by  a  vibrator 
with  an  oil  gap  is  no  greater  than  with  an  air  gap;  since  the  sparks  pass 
so  rapidly  that  a  bubble  of  vapor  is  always  in  the  gap.  Consequently 
the  air  gap  described  above  was  used  exclusively.  In  this  connection 
it  is  interesting  to  note  that  Bartenstein^  and  Lindmann*  used  a  Tesla 
transformer  to  excite  a  vibrator  partially  or  totally  immersed  in  oil.  It  is 
doubtful  whether  the  presence  of  the  oil  in  this  case  increased  the  energy 
emitted  by  the  vibrator  except  in  so  far  as  it  increased  the  wave-length. 
The  adjustment  of  the  circuit  was  somewhat  critical.  The  tendency 
of  the  spark  gap  was  to  emit  a  musical  note,  indicating  that  the  oscilla- 
tions in  the  pliotron  circuit  died  down  after  each  spark  and  required  a 
large  number  of  cycles  to  be  built  up  sufficiently  for  another  spark  to 
pass.  With  proper  adjustment  the  spark  made  a  noise  resembling  that 
due  to  a  blast  of  air  from  a  fine  nozzle. 

The  Receiver. 

The  type  of  receiver  most  commonly  used  for  quantitive  work  with 
electric  waves  has  been  that  devised  by  KlemenCiC  It  consists  of  two 
narrow  copper  wings  joined  together  by  a  thermocouple  which  is  con- 
nected to  a  sensitive  galvanometer.  For  maximum  sensitivity  the 
galvanometer  must  be  of  the  low  resistance,  moving  magnet  type  which 
is  frequently  tedious  to  work  with.  Sjostrom^  has  recently  described  a 
crystal  detector  which  he  claims  is  more  sensitive  than  the  thermocouple 
type,  besides  having  the  advantage  of  high  resistance.  The  receiver 
used  in  the  present  work  was  a  modified  form  of  the  type  developed  by 
Sjostrom.    A  cross  section  of  it  is  shown  in  Fig.  4. 

Two  brass  rods  ft,  b\  10  cm.  long  and  .5  cm.  in  diameter,  screw  into 
brass  cylinders  Cy  c',  which  are  held  in  an  ebonite  cylinder  a.    The  hole 

>  Bartenstein,  Ann.  d.  Phys.,  29.  p.  201,  1909. 
'Lindmann,  Ann.  d.  Phys.,  38.  p.  523.  1912. 

*  Klemendid,  Wied.  Ann.,  42,  p.  416,  1891. 

*  Sjdstrom.  Diss.  Upsala,  1917. 
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in  the  cylinder  c  ends  in  a  shoulder  against  which  a  thin  flake  of  molyb- 
denite d  is  pressed  by  the  rod  b.  The  rod  b'  ends  in  a  blunt  point  which 
makes  contact  with  the  flake.  A  glass  tube  e,  40  cm.  long,  serves  as  a 
holder.  The  galvanometer  leads  are  soldered  to  c,  c\  closely  twisted  and 
passed  through  the  glass  tube.  The  main  receiver  was  placed  at  the 
focus  of  a  parabolic  reflector  having  the  same  dimensions  as  that  used 
with  the  vibrator  and  mounted  on  a  stand  the  same  height  above  the 
floor. 

The  resistance  of  such  a  receiver  is  high,  of  the  order  of  several  thousand 
ohms.  This  fact  makes  it  possible  to  obtain  high  sensitivity  using  a 
d' Arson val  galvanometer.    Two  high  sensitivity  moving  coil  galvanom- 


Fig.  4. 
The  receiver. 

eters  made  by  the  Leeds  and  Northrup  Company  were  used.  The 
one  connected  to  the  main  receiver  had  a  sensitivity  of  2.5  X  io~"* 
ampere  and  a  period  of  8.5  seconds,  while  that  connected  to  the  check 
receiver  had  a  sensitivity  of  5  X  io~^®  ampere  and  a  period  of  6  seconds. 

The  Prism. 
The  dispersing  medium  was  a  pitch  prism  with  a  refracting  angle  of 
30®.  The  faces  were  75  cm.  high  and  85  cm.  long.  It  was  cast  in  a 
wooden  box  which  was  retained  throughout  the  work.  The  sides  of  the 
box  were  made  separately  of  i-in.  yellow  pine  boards,  being  held  together 
by  two  bolts  at  each  vertical  edge. 

Arrangement  of  the  Apparatus  and  Method  of  Observation. 

The  final  arrangement  of  the  apparatus  is  shown  in  Fig.  5.  The 
oscillating  system  S  and  the  check  receiver  C  were  in  one  room,  while 
the  prism  P,  the  main  receiver  M  and  the  galvanometers  G  were  in  an 
adjacent  room.  The  radiation  passed  through  an  aperture  50  cm.  in 
diameter  in  the  center  of  a  metallic  screen  A  about  270  cm.  square 
covering  the  doorway  and  adjacent  part  of  the  wall.  In  the  doorway, 
between  this  screen  and  the  prism  was  a  cylindrical  screen  -B,  50  cm.  in 
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diameter  and  100  cm.  long.  The  object  of  the  screening  is  to  let  no 
radiation  enter  the  room  in  which  the  main  receiver  is  located  except 
that  which  passes  through  the  prism. 

The  prism  was  mounted  on  a  turntable  which  permitted  a  rotation 
of  40®,  the  axis  of  rotation  intersecting  the  axis  of  the  parabolic  mirror 
at  S.  The  mounting  was  adjusted  so  the  angle  of  incidence  could  be 
varied  from  0°  to  40®,  and  the  prism  was  placed  as  close  to  the  screen 
B  as  the  maximum  angle  of  incidence  permitted. 

The  distribution  of  energy  in  the  spectrum  produced  by  the  prism 
was  measured  by  moving  the  main  receiver  along  the  arc  of  a  circle  D 
having  a  radius  of  200  cm.,  the  axis  of  the  receiving  mirror  always  inter- 


Fig.  5. 

secting  the  axis  of  rotation  of  the  prism.  To  take  account  of  the  varia- 
tion of  the  energy  emitted  by  the  vibrator  a  check  receiver  C  was  em- 
ployed. It  was  located  about  100  cm.  from  the  vibrator  and  just  out 
of  the  beam  of  radiation  passing  through  the  aperture  in  the  screen  A. 

The  two  galvanometers  were  located  side  by  side  on  a  wall  bracket 
(G,  Fig.  5).  The  same  scale  served  for  both,  and  by  means  of  a  system 
of  mirrors  the  deflections  of  both  were  read  simultaneously  in  the  same 
telescope.  The  exciting  source  of  the  vibrator  (induction  coil  or  pliotron 
circuit)  was  controlled  by  strings  passing  through  the  wall.  Thus  all 
the  observations  could  be  made  by  one  observer. 

The  energy  emitted  by  the  vibrator  at  any  given  instant  was  assumed 
to  be  proportional  to  the  deflection  of  the  galvanometer  connected  to  C. 
The  relative  energy  received  at  any  point  of  the  circle  D  was  therefore 
proportional  to  the  ratio  of  the  deflection  of  M  to  the  deflection  of  C. 
Several  readings  were  taken  for  each  setting  of  M  and  the  average  value 
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of  M/C  used.  With  increasing  age  of  the  vibrator  the  ratio  M/C  did 
not  always  remain  constant,  but  generally  decreased  more  or  less  ir- 
regularly. Consequently,  frequent  readings  were  taken  with  the  main 
receiver  in  some  chosen  position  on  the  circle  D,  If  M/C  varied  the 
other  readings  were  corrected,  i.«.,  the  energy  received  at  the  various 
points  along  D  was  expressed  in  terms  of  the  energy  received  at  the 
reference  position. 
The  possible  sources  of  error  in  the  present  work  are  the  following: 

1.  Effect  of  the  box  surrounding  the  prism. 

2.  Radiation  penetrating  the  walls  beyond  the  screen  A. 

3.  Radiation  reflected  from  the  walls,  floor  and  ceiling  of  the  room  in 
which  the  observations  were  made. 

4.  The  disturbing  influence  of  the  induction  coil  and  pliotron  circuit. 
The  boards  which  formed  the  faces  of  the  prism  were  quite  uniform 

and  free  from  knots.  No  disturbance  could  be  expected  from  them. 
The  only  course  of  disturbance  in  the  box  was  scattering  by  the  bolts  and 
screws  at  the  vertical  edges.  The  nearest  that  any  of  the  bolts  ap- 
proached to  the  geometrical  edge  of  the  beam,  measured  from  the  edge 
of  the  screen  B  and  in  a  place  containing  the  axis  of  -B,  was  15°.  If  we 
substitute  6  =  15°,  X  =  7.8  cm.,  2?  =  25  cm.  in  the  formula 

for  the  diffraction  pattern,  we  find  m/v  =  .83,  which  corresponds  to  the 
second  maximum.^ 

Now  the  intensity  of  the  second  maximum  is  .017  times  the  intensity 
of  the  central  maximum.  Furthermore,  not  more  than  two  of  the  bolts 
ever  approached  as  close  as  15®  at  one  time,  and  all  the  screws  were 
farther  removed  than  the  bolts.  From  this  it  appears  that  no  appreciable 
error  could  have  been  introduced  by  the  box  surrounding  the  prism. 
To  investigate  this  point  further  some  observations  were  made  with  the 
frame  removed.  In  this  condition  the  prism  rapidly  lost  its  shape,  but 
enough  readings  could  be  taken  to  show  that  the  frame  caused  little 
trouble  compared  with  the  total  effect  observed. 

The  disturbance  due  to  radiation  penetrating  the  wall  between  the 
two  rooms  could  readily  be  determined  by  noting  the  deflection  of  M 
when  the  aperture  in  A  was  closed  by  a  screen.  This  was  made  very 
small  by  making  A  sufficiently  large. 

Although  the  room  in  which  the  observations  were  made  was  large 
(9.5  m.  long,  8.5  m.  wide,  and  4  m.  high),  there  was  nevertheless  an 

*  Wood's  Physics  Optics,  p.  237. 
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appreciable  disturbance  due  to  reflection  from  the  walls,  etc.,  which 
could  not  be  eliminated.  Its  magnitude  was  determined  by  making 
observations  with  a  screen  85  cm.  square  interposed  between  the  prism 
and  Af,  near  the  former  and  perpendicular  to  the  axis  of  the  receiving 
mirror.  The  correction  thus  obtained  included  also  (2)  and  to  a  certain 
extent  (i).  It  was  applied  to  all  the  observations  made.  If  the  vibrator 
was  erratic,  as  was  frequently  the  case  toward  the  end  of  a  series  of 
observations,  the  readings  for  any  given  position  of  M  were  taken 
alternately  with  and  without  the  screen.  The  average  value  of  M/C 
with  the  screen  was  subtracted  from  the  average  value  of  M/C  without 
the  screen  and  the  result  taken  as  the  true  relative  energy  for  that 
position  of  M, 

The  disturbance  due  to  the  exciting  source  consists  of  two  parts: 
radiation  from  the  leads  to  the  vibrator  and  induced  currents  in  the 
galvanometer  leads.  To  determine  whether  radiation  from  the  leads 
caused  any  trouble  the  vibrator  was  removed  from  its  holder  and  the 
leads  brought  together  making  a  spark-gap  in  air  a  few  millimeters  long. 
If  this  gap  was  much  less  than  3  mm.  it  was  difficult  to  get  rid  of  radiation. 
In  all  the  work  the  side  gaps  in  air  between  the  leads  and  the  vibrator 
were  never  less  than  3  mm.  In  the  case  of  the  induction  coil  the  radia- 
tion effect  was  eliminated  by  making  the  leads  short  and  enclosing  them 
in  red  fiber  tubing.  This  material  is  a  very  poor  dielectric  at  high 
frequencies  and  consequently  helped  to  damp  out  the  oscillations  in  the 
leads.  The  radiation  effect  in  the  case  of  the  pliotron  circuit  was  due 
to  the  oscillatory  discharge  of  the  condenser  C,  Fig.  3.  This  was  readily 
eliminated  by  making  the  water  resistance  R  sufficiently  large. 

As  Sjostrom^  has  observed,  some  receivers  seem  to  be  more  sensitive 
to  induced  currents  in  the  galvanometer  leads  than  others.  Trouble 
due  to  this  cause  was  entirely  confined  to  the  check  receiver  when  the 
pliotron  circuit  was  used.  By  properly  choosing  the  receiver  and  closely 
twisting  the  galvanometer  leads  it  could  be  eliminated  or  at  worst  made 
very  small. 

After  the  apparatus  was  finally  adjusted  no  disturbance  due  to  the 
exciting  source  could  be  detected  in  the  main  receiver,  while  the  effect 
on  the  check  receiver,  if  it  existed  at  all,  was  small  and  fairly  constant. 
Since  we  are  only  interested  in  the  relative  values  the  inaccuracy  intro- 
duced by  a  small  constant  error  in  the  deflections  of  the  check  galvanom- 
eter is  negligible. 

Results. 

The  energy  distribution  under  various  conditions  is  shown  graphically 
in  Figs.  6  and  7.     The  abscissae  are  deviations  in  degrees  measured  from 

*  Loc.  cit.,  p.  26. 
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the  direction  of  the  incident  beam.  The  ordinates  are  energy  expressed 
in  per  cent,  of  the  maximum.  With  this  system  of  co5rdinates  the 
various  curves  are  qualitatively  comparable.  The  curves  in  Fig.  6 
were  taken  with  a  vibrator  consisting  of  .95  cm.  spheres  with  an  oil  gap, 
excited  by  an  induction  coil.  They  confirm  the  theory  qualitatively 
in  that  they  show  that  some  energy  passes  through  the  prism  undeviated 
and  that  this  effect  decreases  with  increasing  angle  of  incidence. 
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Fig.  6. 
Spectral  distribution  of  energy  emitted  by  .95  cm.  vibrator  with  oil  gap. 
I.  Angle  of  incidence    o® 
II.      15** 

III.      24° 

IV.     33* 

From  curve  IV.,  Fig.  6,  it  is  seen  that  minimum  deviation  for  the 
maximum  in  the  energy  curve  occurs  at  32**  from  which  the  index  of 
refraction  of  pitch  is  found  to  be  1.99.  This  is  much  larger  than  the 
value  1.67  found  by  Hertz  for  waves  about  60  cm.  long. 

Curves  I.  and  II.,  Fig.  7,  were  obtained  with  a  .95  cm.  vibrator  in  air 
with  the  electric  vector  perpendicular  to  the  refracting  edge  of  the  prism. 
They  are  much  flatter  than  the  corresponding  ones  for  the  oil  gap  and 
induction  coil.  This  is  due  to  the  fact  that  the  vibrator  in  air  emits  a 
more  highly  damped  wave  than  in  oil,  so  that  a  larger  percentage  of  the 
total  energy  passes  through  the  prism  before  the  steady  state  is  estab- 
lished. Figure  8  shows  the  variation  of  the  energy  which  passes  through 
the  prism  undeviated,  with  the  angle  of  incidence.  In  this  case  the  main 
receiver  was  kept  fixed  in  the  position  of  no  deviation  while  the  prism 
was  rotated.  The  deflection  of  the  main  galvanometer  for  0°  incidence 
was  8.2  cm.  and  with  the  prism  removed,  30.5  cm.  With  a  screen  inter- 
posed in  the  manner  described  the  deflection  was  .2  cm. 

Curve  III.,  Fig.  7,  shows  the  energy  distribution  for  32°  incidence  with 
a  .95  cm.  vibrator  arranged  so  that  the  electric  vector  was  parallel  to 
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the  refracting  edge.  It  differs  from  II.  in  that  it  has  a  more  distinct 
maximum.  The  undeviated  energy  was  less  than  2  per  cent,  of  the 
incident  energy  as  compared  with  10  per  cent,  when  the  electric  vector 
was  perpendicular  to  the  refracting  edge.  This  is  partly  due  to  the 
difference  in  orientation  of  the  receiver  in  the  two  cases.  With  the 
electric  vector  horizontal,  i.f.,  perpendicular  to  the  refracting  edge,  the 
receiver  was  also  horizontal  and  subtended  an  angle  of  about  6°  at  the 
axis  of  rotation  of  the  prism.  It  was  20  cm.  long  and  consequently 
energy  brought  to  a  focus  a  distance  of  10  cm.  on  either  side  of  the 
geometrical  focus  of  the  mirror  was  caught  by  the  receiver.  When  the 
receiver  was  vertical  it  caught  little  energy  except  that  which  was  brought 
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Fig.  7. 
Distribution  of  energy  emitted  by  vibrator  with  air  gap. 
I.  Angle  of  incidence  0°,  vibrator  consisting  of  .95  cm.  spheres. 
II.  Angle  of  incidence  32^  vibrator  same  as  I. 

III.  Angle  of  incidence  32°,  vibrator  consisting  of  two  .95  cm.  spheres  mounted  with  axis 

parallel  to  the  refracting  edge  of  the  prism. 

IV.  Angle  of  incidence  32^,  vibrator  consisting  of  two  1.52  cm.  spheres  mounted  with  axis 

perpendicular  to  refracting  edge  of  prism. 

to  a  focus  at  the  geometrical  focus  of  the  mirror.  We  should  also  expect 
a  difference  in  the  two  cases  in  the  direction  observed  since  in  the  steady 
state  the  component  of  the  electric  vector  in  the  plane  of  incidence  is 
more  readily  transmitted  than  that  perpendicular  to  the  plane  of  in- 
cidence. 

Curve  IV.,  Fig.  7,  shows  the  distribution  of  energy  for  32°  incidence 
using  a  1.52  cm.  vibrator  in  air  mounted  horizontally.  The  general 
shape  of  the  curve  is  the  same  as  in  the  corresponding  case  with  the 
smaller  vibrator.  The  deflections  were  very  erratic  beginning  at  45° 
which  accounts  for  the  irregularities  at  45**  and  60®. 

A  few  observations  were  made  with  a  .61  cm.  vibrator  in  air  but  the 
deflections  were  too  small  to  be  of  much  value.  It  does  not  seem  feasible 
to  use  vibrators  as  small  or  smaller  than  this  without  some  means  of 
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increasing  the  energy  emitted.  This  might  be  accomplished  by  enclosing 
the  vibrator  in  a  glass  bulb  either  exhausted  to  a  very  low  pressure  or 
filled  with  some  gas  at  a  pressure  of  several  atmospheres.  In  the  latter 
case  the  decreased  mobility  of  the  ions  would  tend  to  set  an  upper  limit 
to  the  useful  frequency  of  the  exciting  source. 

Wave-length  Measurements. 
The  wave-length  of  the  radiation  emitted  by  the  vibrator  was  measured 
by  the  Boltzmann  mirror  interference  method  first  used  by  KlemenHC 
and  Czermak.^  In  this  method  the  energy  from  the  vibrator  arrives  at 
the  receiver  after  reflection  from  a  mirror  which  is  divided  into  two  halves, 
so  that  the  line  of  separation  is  in  the  plane  of  incidence.  By  separating 
the  two  mirrors  thus  formed,  interference  between  the  two  halves  of  the 
beam  takes  place  at  the  receiver.  Each  mirror  consisted  of  a  sheet  of 
plate  glass  35  cm.  by  70  cm.  covered  with  tinfoil,  one  was  fixed  and  the 
other  mounted  on  the  carriage  of  a  dividing  engine.     The  wave-length  is 
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Fig.  8. 

the  distance  between  two  successive  maxima  or  two  successive  minima. 
For  the  .95  cm.  spheres  in  air  the  wave-length  was  7.8  cm.  and  for  the 
1.52  cm.  spheres  in  air  about  9  cm.  In  the  latter  case  the  maxima  and 
minima  of  the  interference  curve  were  so  flat  that  it  was  difficult  to 
determine  the  wave-length  accurately.  These  values  indicate  pro- 
nounced ** mirror-action."  ^ 

The  nature  of  this  phenomenon  is  not  very  well  understood.  The 
size  and  shape  of  the  collecting  mirrors  somehow  influence  the  wave- 
length of  the  radiation.  When  the  focal  length  is  comparable  to  the 
wave-length  the  emitted  beam  has  a  more  or  less  definite  wave-length 
which  is  determined  by  the  geometry  of  the  mirror  and  not  by  the  size 
of  the  vibrator.  For  the  present  purpose  it  is  not  essential  that  the 
vibrator  emit  its  characteristic  wave-length;  all  that  it  is  desirable  to 
know  is  what  it  actually  does  emit. 

The  theory  indicates  that  the  wave-length  of  the  undeviated  energy 
is  very  short  and  the  intensity  very  weak  compared  with  the  incident 

»Weid.  Ann.,  50,  p.  177,  1893. 

*  Webb  and  Woodman,  loc.  cit.,  p.  100.  These  investigators  found  6.7  cm.  for  the  char- 
acteristic wave-length  of  a  .95  cm.  vibrator  with  an  oil  gap. 
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radiation.  From  this  it  appears  that  the  effect  observed  is  not  due  to 
strictly  undeviated  energy — i,e.,  the  disturbance  called  the  **  first  fore- 
runners" by  Brillouin,  but  to  energy  that  has  undergone  slight  deviation. 
This  view  is  strengthened  by  a  consideration  of  the  finite  size  of  the 
receiver.  An  attempt  was  made  to  investigate  the  wave-length  of  the 
energy  received  in  the  neighborhood  of  zero  deviation  by  means  of  the 
interferometer.  No  evidence  of  interference  could  be  obtained.  This 
was  probably  due  to  the  fact  that  the  energy  reflected  from  the  interferom- 
eter was  not  sufficiently  monochromatic,  since  the  wave-length  de- 
pends upon  the  thickness  of  the  medium  traversed  and  consequently 
varies  continuously  from  the  refracting  edge  to  the  base. 

The  author  takes  pleasure  in  expressing  his  thanks  to  Dr.  E.  F.  Nichols, 
who  suggested  the  problem  and  method  of  solution,  and  to  Professor 
L.  Page,  for  advice  concerning  questions  of  theory.  His  thanks  are  also 
due  Mr.  G.  C.  Southworth,  for  advice  on  the  construction  and  manipula- 
tion of  the  pliotron  circuit. 

Sloans  Laboratory, 
Yale  University, 

New  Haven,  Conn. 
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NOTE  ON   MUSICAL   DRUMS. 

By  R.  N.  Ghosh. 
Synopsis. 

Vibration  of  Symmetrically  Loaded  Circular  Membranes. — In  India  there  are 
musical  drums  which  are  loaded  over  a  central  zone  in  such  a  way  as  to  give  harmonic 
partials.  The  theory  is  presented  for  two  cases,  namely  when  the  load  varies  inversely 
as  the  first  power  and  as  the  second  power  of  the  distance  from  the  center.  It  is 
found  that  in  the  second  case  the  partials  form  a  harmonic  series,  whereas  in  the 
first  case  they  do  not. 

IN  India  there  are  many  musical  drums  like  kettledrums  which  are 
used  in  company  with  stringed  instruments.  They  differ  from  kettle- 
drums in  two  respects,  (i)  they  are  loaded  over  a  central  zone;  (2)  they 
elicit  harmonic  partials.^  It  is  well  known  that  the  partials  of  an  un- 
loaded circular  membrane  do  not  form  a  harmonic  series,  and  a  few  of 
them  give  a  consonant  chord.  From  a  look  at  the  Indian  instruments 
it  becomes  evident  at  once  that  the  load  per  unit  area  varies  as  we  proceed 
outward  from  the  center.  The  investigation  of  the  nature  of  the  vibra- 
tion when  the  load  varies  inversely  (i)  as  the  first  power,  and  (2)  as  the 
second  power  of  the  distance  from  the  center,  can  be  effected  very  simply, 
but  the  writer  could  not  find  any  mention  of  it  in  the  textbooks. 
The  equation  of  motion  in  the  case  of  circular  membrane  is  given  by 

^1^  ~        \d?       rdr       ?dfi 
where  the  symbols  have  their  usual  meaning.     Assume  w  «  cos  (kct)  and 

p=f-  (I) 

Put  Ti/po  =  c*  and  further  assume  o>  =  v  cos  (nO),  then  v  must  satisfy 

Put  X  =  2k  ^r,  then  (2)  becomes 

(Pv  ,   idv  ,   /         4n^\  ,  . 

/.       V   =   AJ2n{x)    =   AJ2n{2k^r). 

>  Nature,  Jan.  15  (1920),  p.  500. 
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If  at  r  =  a  the  membrane  is  fixed  we  must  have  J2n(2k^a)  =  o  giving 
real  values  of  jfe.  The  nature  of  these  roots  is  well  known,  they  do  not 
from  a  harmonic  series.  The  effect  of  the  variation  in  density  is  mainly 
upon  the  absolute  pitch  of  the  vibrating  membrane. 

Case  II     p=^'.  (4) 

Let  us  consider  the  simple  case  of  symmetrical  vibrations  only,  so  that 
(2)  becomes 

.*.    V  —  A  cos  {Jk  log  r).  (6) 

The  boundary  condition  gives 

cos  {k  log  a)  =  o. 

.'.     *  loga  =  (2n  +  i)- •    •  (7) 

2 

The  partials  now  form  a  series  of  odd  harmonics,  and  the  absolute  pitch 

is  also  disturbed. 

MuiR  Central  Collbgb, 
Allahabad,  India, 
July,  2z 
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ACOUSTIC  WAVE  FILTERS. 

By  G.  W.  Stewart. 

Synopsis. 

Acoustic  Wave  Filters  Composed  of  a  Series  of  Like  Sections, — (i)  Theory.  Taking 
the  impedance  of  any  part  of  an  acoustic  circuit  to  be  equal  to  the  complex  ratio  of 
the  applied  pressure  difference  to  the  rate  of  change  of  volume  displacement,  it  is 
shown  that,  neglecting  dissipative  forces,  it  is  possible  to  construct  a  filter  having 
limiting  frequency  values  of  no  attenuation  determined  by  the  formulae  Zi/Zi  «  o 
and  Zi/Zt  ■=  —  4.  where  Zi  is  the  impedance  of  the  transmitting  conduit  circuit  and 
Zi  of  each  branch  of  each  section.  The  impedance  of  any  section  depends  on  the  in- 
ertanoe  M  of  dimensions  mass  per  unit  area  squared,  and  the  capacitance  C  which 
has  the  dimensions  of  stiffness  per  unit  area  squared.  If  M  and  C  are  in  parallel. 
Z  «  iM<a/(i  -  MCu^,  whereas  if  they  are  in  series,  Z  -  i(M<a  —  i/Cw).  For 
instance,  in  the  case  of  a  closed  chamber  or  resonator.  M  and  C  are  in  series  and  are 
equal  to  p/C  and  V/pa*  respectively  where  p  is  the  density  of  the  medium,  c  is  the 
conductivity  of  the  mouth,  a  the  velocity  of  sound  and  V  the  volume.  Formulae 
are  derived  for  various  assumed  cases.  On  account  of  the  uncertainty  as  to  whether 
a  tube  may  be  considered  sa  having  the  equivalent  inertness  and  capacitance  con- 
nected in  parallel  or  in  series,  the  application  of  these  formulae  to  actual  cases  is 
somewhat  empirical.  (2)  Construction  and  test  of  filters  of  three  types.  Low-frequency- 
pass  filters  were  made,  for  example,  by  two  concentric  cylinders  joined  by  walls 
equally  spaced  and  perpendicular  to  the  axis.  Each  chamber  thus  formed  had  a 
row  of  apertures  in  the  inner  cylinder  which  served  as  the  transmission  tube.  In 
one  case  the  volume  of  each  chamber  was  6.5  cm.',  the  radius  of  the  inner  tube  1.2 
cm.  the  length  between  apertures.  1.6  cm.  A  chamber  and  one  such  length  of  the 
inner  tube  is  called  a  section.  Four  such  sections  were  found  to  transmit  90  per 
cent,  of  the  sound  from  zero  to  approximately  3.200  d.v.  where  the  attenuation 
became  very  high,  resulting  in  zero  transmission  up  to  About  4.600  d.v.  where 
transmission  again  appeared,  Other  similar  filters  of  different  dimensions  attenu- 
ated through  wider  or  narrower  ranges.  The  lower  limit  of  attenuation  was  found 
to  correspond  within  8  per  cent,  with  the  formula:  /  «  (i/t)(MiCi  +  4ifiCx)"*'*. 
The  upper  limit  was  not  predicted  theoretically.  High-frequency  pass  filters  were 
made  with  a  straight  tube  for  transmission  and  short  side  tubes,  for  example,  0.5 
cm.  long  and  0.28  cm.  in  diameter,  opening  through  a  hole  with  conductivity  0.08 
into  a  tube  10  cm.  long  and  i  cm.  in  diameter.  Six  sections  of  such  a  filter  would 
transmit  about  90  per  cent,  of  sounds  above  800  but  would  refuse  transmission  to 
sounds  of  lower  frequency.  As  would  be  expected,  the  cut  off  is  not  sharp.  Filters 
with  other  dimensions  were  found  to  have  an  upper  limit  of  attenuation  varjring 
from  450  to  2,300  d.v.,  agreeing  with  the  formula/  =  (i/2ir)(i/4Af  jCi  -f-  i/AfiCi)*'*, 
within  about  13  per  cent.,  on  the  average.  The  single-band  filters  made  were  a 
combination  of  the  other  two  types,  having  side  tubes  leading  to  chambers  of  con- 
siderable volume.  For  instance,  three  sections  each  5  cm.  long  and  0.5  cm.  in  diame- 
ter, with  side  tubes  of  the  same  size  and  2.2  cm.  long  leading  to  a  volume  of  28 
cm.',  transmitted  between  270  and  370  d.v.  The  frequencies  of  the  edges  of  the 
band  of  small  attenuation  are  determined  by  the  following  formulae. 

2t/  =  [AftCj(i  +  Afj'/A/2)]-i  and 
2t/  =  [A/jCid  +  4Afi/A/i)-»(i  4-  Mt'lMt  +  4Mii'lMi)]-h.     Such  filters 
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exhibit  the  same  variations  from  theoretical  performance  as  would  be  expected  from 
a  combination  of  the  other  two  types.  However,  the  agreement  of  each  type  with 
theory  is  sufficient  to  enable  filters  to  be  designed  to  fulfill  set  conditions.  The  at- 
Unuation  secured  with  only  four  sections  is  very  great,  the  transmission  being  cer- 
tainly less  than  io~'  in  the  attenuated  region,  while  it  may  rise  to  90  per  cent,  in 
unattenuated  regions.  Possible  applications  of  these  simple  filters  in  laboratory  work 
and  in  connection  with  specking  devices,  are  briefly  suggested. 

I.  General  Introduction. 

THE  selective  transmission  of  an  acoustic  wave  of  a  given  frequency 
is  well  known.  A  Helmholtz  resonator  with  a  small  ear  opening 
is  such  a  filter.  Cylindrical  tubes  such  as  shown  in  Fig.  I  will  also 
serve  as  filters,  (a)  transmitting  chiefly  the  resonating  frequencies  of 
cd  and  (b)  giving  poor  transmission  especially  for  the  resonating  fre- 
quencies of  cd.    The  acoustic  wave  filters  which  this  article  describes 


-^      ^-  -' 
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Fig.  1. 

are  different  in  principle  and  in  performance  in  that  they  do  not  depend 
upon  resonance  itself,  but  upon  the  interaction  between  recurrent  similar 
sections  of  a  transmission  **line,*'  these  sections  containing  the  elements 
upon  which  free  vibrations  are  to  depend,  and  having  over-all  dimensions 
that  are  small  in  comparison  with  a  wave-length  of  the  sound. 

These  new  filters  are  remarkable  in  that  selected  groups  of  frequencies, 
extending  over  a  large  range,  can  be  eliminated  in  the  transmission. 
Up  to  the  present  time,  three  kinds  have  been  constructed  and  tested. 
The  low  frequency  pass  filter  will  give  approximately  zero  transmission 
at  all  frequencies  above,  and  a  fairly  good  transmission  below  a  certain 
predetermined  frequency.  The  high-frequency  filter  will  transmit  above 
a  minimum  frequency.  The  single-band  filter  will  transmit  a  group  of 
frequencies.  In  all  cases,  the  frequency  limits  are  ascertained  approxi- 
mately by  calculation  from  the  dimensions  so  that  the  filters  may  be 
designed  to  fit  specifications.  In  these  filters,  the  cutoflFs  are  not  sharp 
and  the  performances  are  not  exactly  as  just  stated,  but,  as  will  be 
shown,  the  explanation  is  found  in  the  fact  that  the  experimental  condi- 
tions only  approximate  the  theoretical. 

II.  Theory. 

A,  General. 
An  exact  theoretical  discussion  of  the  acoustic  wave  filter  may  be 
possible,  but  certainly  there  is  much  to  be  gained  in  securing  a  theory 
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which,  though  only  approximate,  will  aid  in  understanding  the  operation 
of  the  filters  and  in  developing  new  designs.  The  well-known  electric 
wave  filters  suggested  to  the  writer  the  possibility  of  analogous  effects 
in  acoustics.  Naturally,  the  theory^  of  the  electric  filters  has  been  of 
much  assistance. 

Certain  limitations  will  be  imposed  in  our  discussion.  We  will  assume 
that  the  length  of  any  selected  section  of  an  acoustic  "line"  or  conductor 
is  so  small  in  comparison  with  a  wave-length  that  no  change  in  phase 
occurs  therein.  We  will  consider  only  sinusoidal  waves.  The  term 
'* acoustic  impedance"  will  be  used.  Its  absolute  value  is  the  ratio  of  the 
maximum  pressure  difference  applied  to  the  maximum  rate  of  change 
of  volume  displacement.  When  complex  notation  is  used  for  simplicity, 
as  in  alternating  electric  current  theory,  the  acoustic  impedance  is  the 
complex  ratio  of  the  pressure  difference  applied  and  the  rate  of  change 
of  volume  displacement.  The  mathematical  procedure  will  be  based 
upon  three  hypotheses  which  are  obviously  reasonable  approximations. 
They  are:  (i)  the  rate  of  volume  displacement  in  any  selected  portion 
of  the  line,  with  a  harmonically  varying  applied  difference  of  pressure, 
can  always  be  expressed  by  /e**"  where  I  is  complex;  (2)  the  product 
of  acoustic  impedance  and  rate  of  volume  displacement  in  any  selected 
portion  of  the  line  equals  the  difference  of  pressure  applied ;  (3)  the  alge- 
braic sum  of  the  volume  displacements  at  any  junction  of  lines  is  zero. 
By  acoustic  "line"  is  meant  a  bounded  region  of  fluid  or  solid,  forming  a 
tube  or  channel  and  capable  of  transmitting  sound  waves  in  the  direction 
of  the  tube  or  channel  only. 

We  will  consider  an  acoustic  wave  filter  consisting  of  equal  acoustic 
impedances  in  series,  divided  into  sections  by  acoustic  impedances  in 
what  might  be  termed  shunt  branches.     In  Fig.  2,  let  a  sound  wave  of  a 
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Fig.  2. 


-Zl. 


ff1*i 


Z2 


Zm 


frequency  co/27r  be  transmitted  through  the  line  AG^  a  portion  of  an 
infinite  line,  containing  a  series  of  equal  impedances,  Zi.  Let  each  branch 
line  ABf  CDy  EF,  GH,  etc.,  contain  an  impedance  Z2  and  terminate  in  a 

1  U.  S.  Patent  1,227,113  by  George  A.  Campbell.     Chapter  XVI.  of  Pierce's  "Electrical 
Oscillations  and  Electric  Waves,"  1920. 
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volume  of  gas  otherwise  at  rest,  so  that  there  is  a  common  constant 
pressure  at  or  near  these  termini.  Let  /««*"S  etc.,  represent  the  rates 
of  change  of  volume  displacement  in  the  corresponding  lines,  In  being 
a  complex  quantity,  and  let  the  positive  direction  be  from  A  to  G. 
From  the  three  conditions  stated  in  the  foregoing  paragraph  the  following 
equation  may  be  secured : 


Z2(/n-l  -  In)    =  Ztiln  -   /^l)  +  Zih 

or 


/n+I-(2+|l)j,  +  /n-l=0. 


(I) 


This  equation  does  not  require  an  infinite  line,  but  we  will  for  con- 
venience impose  that  condition.  We  may  then  write,  using  AP  as  the 
complex  pressure  difference  over  a  branch, 

APcD   =    IniZi  +  Z.) 

and 

APbf  =  /n+i(Z,  +  Z,), 

wherein  Zoo  is  the  impedance  of  the  infinite  network  to  the  right  in  the 
figure  and  has  the  same  value  in  both  equations.^  Substituting  the 
values, 

APcD   =   Z2(/n-l    -   /n), 
APeF   =  Zt(In   -   /n+l) 

and  dividing  we  have, 


or 


In 

-In 

1 

(2) 


Let  us  call  the  ratio  of  these  successive  Ts,  f  ^  where  Y  is  unknown 
but  in  general  is  complex.     Substitute  in  (i),  and  we  have, 

«'-+.''-  =  2  +f' 

or 

coshF=i  +  if^.  (3) 

» The  filter  through  its  branches  terminates  in  the  undisturbed  medium.  The  pressure 
at  E  can  be  expressed  by  lnZ».  From  the  equation  of  motion  of  a  portion  of  a  vibrating 
medium  having  a  sinusoidal  impressed  force,  and  possessing  mass,  stiffness  and  dissipation, 
it  can  readily  be  shown  that  the  impedance  Z  is  a  function  of  mass,  stiffness,  the  dissipative 
factor  and  frequency  only.  In  as  much  as  these  factors  are  the  same  for  our  Zco.  whether 
taken  from  E  or  from  G  or  any  junction  point,  the  assumption  of  identity  of  the  Zoo's  is  justified. 
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If  F  is  a  pure  imaginary  the  rates  of  volume  displacement  in  two  ad- 
jacent sections  differ  only  in  phase.  If  Y  is  not  a  pure  imaginary  the 
rate  of  volume  displacement  is  diminished  in  transmission,  obviously  the 
diminution  occurring  away  from  the  input  end.  If  F  is  a  pure  imaginary, 
since  cosh  ix  =  cos  x 

(4) 


+■>(■+»!)>- 


and  hence  the  limiting  values  of  no  attenuation  are  determined  by  the 
following: 

y  =  o.  (5) 

f-'=-4.  (6) 

We  can  find  the  limiting  values  of  no  attenuation  in  a  filter  by  utilizing 
the  actual  values  of  Zi  and  Zj.  It  would  therefore  appear  that  an 
acoustic  wave  filter  can  be  constructed,  the  only  uncertainty  being  the 
manner  of  constructing  Zi  and  Zz,  In  order  to  determine  upon  the 
practical  development  of  the  filter,  idealized  conditions  will  first  be 
discussed. 

B,  Inertance  and  CapCLcitance  in  Parallel. 

Consider  two  idealized  diaphragms,  a  and  6,  supposed  to  move  as  a 
whole,  the  former  having  mass,  nta,  and  not  stiffness,  and  the  latter 
stiffness,  /b,  and  not  mass.  Let  them  have  areas  Sa  and  56  and  dis- 
placements fo  and  ih  and  let  them  be  connected  in  parallel  as  branches 
of  an  acoustic  line  so  that  they  are  subject  to  the  same  fluid  pressure 
differences,  Pc**".     Then, 

^<^li=  SoPe^'        and        /kfo  =  56Pe-', 

the  latter  being  merely  the  definition  of /«,. 

If  we  are  concerned  with  the  total  volume  displacement  of  the  gas 
at  the  diaphragms,  Xa  and  Xh,  these  equations  become: 

o:^"  =  ^^'"'        and        •^=Pe*«^  (7) 

We  wish  to  obtain  an  expression  for  dXIdt  or  the  rate  of  change  of  volume 
displacement  in  the  main  line  at  the  junction  of  these  two  branches. 
By  integration  we  find, 

niadXa   _P      .^t  /ON 

Sa'    dt      ~i^'  ^^^ 
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the  constant  of  integration  vanishing  since  we  are  dealing  with  a  varia- 
tion in  dX/dl  caused  by  P  and  vanishing  with  P.  By  differentiation 
we  obtain, 

/.  dXb 

f.  =  i«p,i-*.  (9) 

But  we  know  that  at  the  junction  of  the  branches  the  algebraic  sum  of 
the  rate  of  volume  displacements  must  be  zero,  or 

dXa  ,  dXh      dX  ,    V 

Substituting  the  values  of  dXJdt  and  dXb/dt  just  found,  we  obtain, 


wherein 


^-S    --    g-i-  <") 


We  will  call  M  the  inertance,  C  the  capacitance,  both  defined  by  (12)  and 
(7).  We  thus  have  for  the  impedance  of  the  combination  of  the  two 
circuits  in  parallel, 

Let  us  now  assume  that  our  impedances  Zi  and  Zj  are  each  composed 
of  two  such  branches  in  parallel.  The  branch  having  mass,  mo,  will 
vanish  when  ma  =«  or  Af  =  «  and  the  branch  having  stiffness,  fh, 
will  vanish  when  /k  =  <»  or  C  =  o. 

If  we  apply  condition  (5)  to  Zi  and  Z2  as  just  determined  in  (13)  and 
we  have  as  a  limiting  frequency,  /i  : 


I 


f'-r.^.-  <■*' 


If  we  apply  condition  (6),  we  have: 

Mi  +  4M2  .     ^±        j  ~Mi  +  ^MV  rs 

AfiM2(4Ci  +  Ct)  -^^      2T  \  Jl/iJlf2(4Ci  +  C2)  * 

In  (14)  and  (15)  the  subscripts  of  M  and  C  correspond  to  those  adopted 
for  the  Z's.  These  frequencies  /i  and  /2  are  those  that  limit  the  range  in 
which  there  is  no  attenuation.     It  is  to  be  observed  that  the  range  of 

no  attenuation  is  one  in  which  (  i  +  i-^^^  )  can  change  from  +  I  to  —  I. 
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But,  from  (13),  Z1/Z2  is  a  continuous  function  of  «  or2T/and  hence 
there  is  a  continuous  frequency  range  wherein  there  is  no  attenuation.  A 
filter  in  which  Zi  and  Za  each  consists  of  an  inertance  and  capacitance  in 
parallel  is  thus  possible. 

C.  Inertance  and  Capacitance  in  Series. 
Consider  each  Zi  and  Zj  to  be  an  inertance  and  capacitance  in  series. 
The  current  must  be  the  same  throughout  Zi  or  Zj.     Let  Pi  be  the 
pressure  difference  over  the  inertance,  Mu  and  Pi,  over  the  capacitance, 
Ci.     Then,  from  (7)  and  (8) 

Pi     _j_    Pi 


ioiMi 


Cii(a 
Hence 

Pi  +  Pi      _  J 

i(aMi  +  T7 


iCi(a 
or 


Zi  =  iYjlfi«-^V  (16) 

If  we  now  ascertain  the  limits  of  no  attenuation,  we  have  from  (5), 

/i  =  f\/^  (17) 

2t  y  MiCi 

and  from  (6) 


•^*      2iry  CiCi{Mi  +  4Mt)  ^    ^ 

Again  we  have  the  possibility  of  a  filter. 

A  special  and  yet  a  common  case  of  inertance  and  capacity  in  series 
is  one  wherein  Mi  is  the  inertance  of  an  orifice  entering  a  chamber  and 
Ci  is  the  capacitance  of  the  chamber.  The  condition  for  resonance, 
or  Z  =  o,  occurs  as  shown  by  (16)  when, 

Mi<a  =  -^  or        /  =  :^  \ir7r  '  (19) 

Ciw  2t  y  MiCi 

But  in  orifices  which  are  short  compared  with  their  diameters  we  cannot 
use  for  Ml  the  mass  divided  by  the  square  of  the  area,  for  this  expression 
neglects  the  end  effects  of  the  channel.  The  well-known  formula  for 
the  vibration  of  such  a  system  is,^  neglecting  dissipation^ 

1  Rayleigh,  Theory  of  Sound*  Vol.  II..  p.  195. 

'  Insertion  of  dissipation  seems  to  lead  to  difficulties  which  are  avoided  by  this  approxi- 
mation. 
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^X  +^X  =  Pe^'  (20) 

c  V 

from  the  solution  of  which  we  get, 

X  =  • 

.   /  0)       a*  \  (21) 


•>c-v:) 


In  these  equations  p  is  the  density,  c  is  the  "conductivity"  of  the  channel, 
a  the  velocity  of  sound  and  V  the  volume  of  the  chamber. 
It  is  evident  that  the  new  value  of  Zi  viz., 

differs  from  (16)  only  by  the  apparent  substitution  of  p/C  for  Mi  and 
V/pa^  for  Ci. 

2>.  Inertance  and  Capacitance  of  a  Tube. 

In  order  to  assist  in  constructing  a  filter,  we  will  now  discuss  the 
nature  of  a  column  of  gas,  which  we  must  use  as  Zi  in  our  conducting  line.^ 

Assume  an  acoustic  plane  simple  harmonic  wave  passing  along  a  tube 
in  the  direction  of  x.  Let  {  be  the  displacement  of  a  particle  from  its 
mean  position;  p  the  density,  a  the  velocity  of  sound,  and  p  the  excess 
pressure  over  the  mean. 

Then 

d«(  dp  ,    . 


(an  exact  equation)  and  for  small  vibrations,' 

From  (23)  and  (24) 

The  integration  of  (25),  since 

at  all  times  when  />  =  o,  gives 


dx 


pa'-^-^-p.  (26) 

*  Similar  discussions  occur  in  Drysdale,  Jl.  of  Inst.  Elec.  Engs.,  July,  1920,  Vol.  58,  p.  591. 
and  Kennelly  and  Kurowaka.  Proc.  Am.  Acad.,  Feb.,  1921,  Vol.  56,  No.  i,  p.  29. 

*  Lamb's  Hydrodynamics,  1916,  p.  474. 
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We  may  write  (26)  as  follows : 

^  dxAx  ^ 

and  if  we  represent  the  volume  in  a  length  Ajc  by  V  V,  we  have, 

or  pa^  =  —  £  where  E  is  the  modulus  of  elasticity  of  volume.  Since 
the  compression  is  due  to  p  and  not  to  changes  of  pressure  along  the  line, 
the  stiffness  can  be  considered  as  analogous  to  stiffness  in  the  walls  of 
the  tube  upon  which  the  pressure  difference  p  acts.  Our  tube  possesses 
inertance  and  capacitance  as  we  know,  but  the  above  shows  that  these 
are  not  the  equivalent  of  inertance  and  capacitance  connected  either  in 
parallel  or  in  series.  Indeed,  the  capacitance  can  be  thought  of  as 
between  the  inside  and  outside  of  the  tube  instead  of  along  the  tube. 

Inasmuch  as  we  must  use  tubes  in  a  practical  construction  it  is  essen- 
tial that  we  consider  whether  or  not  a  tube  can  be  used  for  either  Zi, 
or  Z2,  arranged  as  in  the  preceding  theory.  Consideration  shows  that 
Zi  cannot  accurately  be  composed  of  a  tube,  for  Zi  is  wholly  in  the  line 
and  not  between  the  line  and  the  outside.  Hence  we  must  ascertain 
whether  or  not  such  a  substitution  would  be  a  sufficient  approximation. 
In  short,  can  we  consider  a  tube  as  having  the  equivalent  of  inertance 
and  capacitance  connected  in  parallel  or  in  series,  or  may  we  consider 
it  as  having  inertance  only  or  as  capacitance  only? 

Assume  that  any  tube  we  may  use  will  be  short  as  compared  with  a 
wave-length.  Consider  the  gas  to  move  as  a  whole.  Then  the  dp  is 
due  to  inertance.  Or  consider  the  gas  to  be  stationary  acting  as  a  cushion. 
Then  Sp  is  due  to  capacitance.  In  both  cases  we  have  neglected  the 
change  of  phase  along  the  tube.  Whichever  case  is  the  better  approxima- 
tion will  depend  upon  the  service  the  tube  is  rendering,  or,  in  other 
words,  will  depend  upon  the  adjacent  construction  or  the  composition 
of  the  filter.  It  might  appear  that  the  tube  can  be  approximated  by 
lumping  the  capacitance.  This  cannot  be  done  at  the  center  of  the 
section  for  the  general  theory  does  not  permit  of  a  side  branch  other  than 
Z2.  It  cannot  be  lumped  at  Z2  as  can  be  shown  by  comparison  of  the 
resulting  theory  with  experiment.  The  assumption  of  Mi  and  Ci  in 
series  does  not  appear  reasonable  for  the  total  pressure  over  the  section 
certainly  acts  on  Mi.  We  are  therefore  forced  to  the  policy  of  using 
Ml  and  Ci  in  parallel  in  the  line  with  the  understanding  that  experiment 
will  determine  empirically  whether  Mi  or  Ci  or  both  shall  be  used  in  the 
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computations.  As  will  subsequently  be  shown,  experiments  thus  far 
seem  to  demand  the  introduction  of  Ci  in  only  one  of  the  three  types  of 
filters.  Thus  the  somewhat  arbitrary  manner  of  introducing  Ci  in 
parallel  is  minimized.  It  is  fair  to  say  that,  in  this  one  case,  the  assump- 
tion seems  not  without  a  theoretical  justification.  It  is  thus  observed 
that  at  the  outset  we  are  driven  to  an  approximation  which  demands 
an  empirical  selection  of  formulae. 

III.  Construction  of  Filters. 

A .  General  Limitations. 

If  we  are  to  construct  an  acoustic  filter  that  will  have  good  trans- 
mission we  must  avoid  any  changes  in  the  nature  of  the  medium  and  in 
the  diameter  of  the  transmitting  conduit  or  conductor.  If  the  filter  is 
to  have  good  attenuation,  similar  conditions  would  hold  for  the  branch 
lines.  For  first  experiments,  then,  a  single  medium  and  a  transmitting 
line  of  constant  cross  section  are  chosen.  These  selections  suggest,  from 
the  standpoint  of  convenience,  the  use  of  air  and  the  use  of  a  cylindrical 
tube  as  the  boundary  of  the  transmission  line. 

The  only  limitation  to  our  application  is  that  there  be  a  series  of  like 
sections  with  Zi  in  the  main  line  and  Z2  in  the  side  branch.  With  no 
limitation  placed  upon  the  constitution  of  Zi  or  of  Z2,  an  infinite  number 
of  designs  may  be  possible.  But,  as  already  stated,  considerations  lead 
to  the  selection  of  a  cylindrical  tube  containing  air  as  the  transmission 
line.  The  impedance  of  a  short  section  of  such  a  line  cannot  be  accu- 
rately expressed  by  an  equivalent  Mi  and  Ci  connected  either  in  series 
or  parallel.  We  will  assume  Mi  and  Ci  in  parallel,  for  thereby  we  can 
make  Mi  =  <»  or  Ci  =  o  or  remove  them  from  consideration  without 
obstructing  the  transmission  of  the  line.  But  even  with  these  limita- 
tions the  number  of  filters  is  infinite,  for  Z2  can  be  formed,  theoretically, 
in  any  manner  one  chooses. 

B.  Low  Frequency,  High  Frequency,  and  Single  Band  Pass  Filters. 
In  order  to  determine  the  construction  of  low  frequency  and  high 
frequency  pass  and  single  band  filters  in  as  simple  a  manner  as  possible, 
an  additional  provisional  limitation  will  be  made,  viz.,  to  filters  in  which 
Z2  consists  of  an  equivalent  M2  and  C2  connected  either  in  series  or 
parallel.  We  shall  then  have  four  quantities  Afi,  ^2,  Ci  and  d.  If 
either  Mi  or  M2  is  absent,  i.e.,  removed  from  consideration,  its  value  is 
infinity.  Under  similar  conditions  the  value  of  a  capacitance  is  zero. 
We  have  then  to  ascertain  the  possible  combinations  of 

Ml  =00,         M2  =  00,         Ci  =  o,         C2  =  o. 
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Taken  singly  there  are  four  combinations  in  pairs,  six  in  triplets,  four 
with  one  only,  and  one  with  none,  making  a  total  of  fifteen  possible 
combinations.  If  we  remove  those  combinations  which  remove  the 
line  or  the  branches  entirely,  we  have  left  nine  designated  as  follows: 

1.  All  present, 

2.  ilfi  =    00, 

3.  Jlfj  =    00, 

4-  Ci    =  o, 

5.  Cj    =  o, 

6.  Ml  =  Mi  =  00 , 

7.  Jf  1  =  00 ,  Ci  =  o, 

8.  Jfj  =  00,  Ci  =  o, 

9.  Ci    =0,  Ci  =  o. 

By  the  preceding,  our  values  of  acoustical  impedances  are  limited  to  the 
following: 

In  the  transmission  line. 

In  the  branch, 

^^  =  I  -  MM  ^''^  ^^ 

Z,  =  i(Mt<a  -  ^j  •  (16)  bis 

If  the  limits  of  no  attenuation  are  now  ascertained  by  the  application  of 
equations  (5)  and  (6)  we  find  the  values  in  Table  I.  for  the  nine  cases, 
each  having  the  possibility  of  Za  in  parallel  or  in  series. 

The  explanation  of  most  of  the  blanks  in  the  fourth  and  fifth  columns 
is  that,  assuming  Mt  and  Ct  to  be  in  series,  our  original  arrangement  of 
Zj  providing  for  the  same  pressure  in  common  at  the  termini,  requires 
the  following: 

1.  There  must  always  be  an  M2  at  the  junction  point,  for  otherwise 
there  could  be  no  X  and  hence  no  use  of  the  side  branch.  Hence  Mt 
is  at  the  junction  point  and  C2  is  next  in  the  branch. 

2.  Mt  cannot  be  infinity,  for  if  infinity,  the  side  branch  would  not  be 
used  at  all. 

3.  Ct  cannot  be  zero  for  this  would  prevent  any  value  of  X  and  there- 
fore any  use  of  the  side  branch.  Thus  six  of  the  nine  cases  are  eliminated 
from  consideration  leaving  only  cases  i,  2  and  4.  Case  I  leads  to  the 
possibility  of  an  imaginary  frequency  and  introduces  two  values  of /j. 


or 
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VutSM. 

Scriei. 

Cam. 

/i. 

/t. 

/..       !          /.. 

'       1     ' 
2x  \Af,C, 

1 

1      /     Jkfi  +  4Mt 

1 
0 

2x\JlfiJlf,(4Ci  +  C0 

^     1    ' 
2T\MiCt 

'      1           ' 
2x\JI/,(4Ci  +  C,) 

00 

2 

1      /C,+4C, 
\2t\4M,C,C, 

3 

0 

1      /           4 
2x\Jlfi(4Ci  +  C,) 

'      1    ' 
2t  \M,C» 

0 

4 

1      /Jkfi  +  43f, 
2x  \  JkfiJkfiC, 

'      1           ' 

2irM  CtiMi  +  4M,) 

00 

5 

1      iMi  +  4Jlf , 

2x\4JI/,Jlf,Ci 

6 

0 

0 

t 

7 

00 

2T\4Af,C, 

8 

0 

1  rr 

2r  \Af,Cf 

' 

00 

M 

which  are  not  found  in  experience.  Knowing  that  the  assumption  of  Ci 
in  parallel  with  Mi  is  arbitrary,  we  are  justified  in  acknowledging  the 
incorrectness  of  the  assumption  in  this  case  and  omitting  the  formulae 
from  consideration. 

These  considerations  lead  to  the  development  of  the  three  following 
types  of  filters: 

1.  Low-frequency  pass  filters;    case  3,  parallel;   case  4,  series;   and 
case  8,  parallel. 

2.  High-frequency  pass  filters;  case  2,  series;  case  5,  parallel;  case  7, 
parallel. 

3.  Single-band  pass  filters;   case  i,  parallel;  case  2,  parallel;  case  4, 
parallel. 

Conditions  of  construction  suggest  that  an  additional  formula  for  the 
single-band  filter  be  determined.     The  three  cases  in  which  we  have  a 
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single-band  filter  as  above  stated,  are  those  in  which  we  have  Jlf  j  and  Ct 
in  parallel.  But  in  actual  construction  it  is  impractical  to  have  truly  a 
C2  without  an  orifice  into  a  volume  and  in  this  orifice  we  have  an  M2' 
in  series  with  €%,  A  simple  construction  is  thus  suggested  of  taking 
Case  I  and  adding  an  M2'  as  an  orifice  into  C2.  The  impedance  of  the 
orifice  and  Ct  will  be,  according  to  (16) 


•'-•■(^'■'"-crJ- 


This  impedance  is  in  parallel  with  the  inertance  Jlfa,  the  impedance  of 
which  is, 

As  readily  follows  from  the  definition  of  impedance  and  the  fact 
that  the  sum  of  the  two  currents  is  the  resultant  branch  current,  the 
combined  impedance,  Zj,  is  determined  from  the  following  relation, 

Z2      iMita 


—  * ^  TTT-^ — I — ; — ,  ^  .^ — ^~ 


or 

Ctco 

According  to  equation  (13)  if  we  make  Ci  arbitrarily  zero  for  the  sake 
of  simplicity,  we  have 

Zi  =  iMiw.  (28) 

If  we  now  use  the  values  of  (27)  and  (28)  for  the  conditions  (5)  and  (6) 
we  will  have,  respectively. 


^''ii^c^{M7+M7y  ^""^^ 


•^'      2x  \  C2(ikr  1M2  +  M1M2'  +  4M^M2') '  ^^  ^ 

C.  Computation  of  Inertance  and  Capacity. 
By  comparison  of  (23)  with  (7)  we  see  that  the  inertance  for  a  straight 
tube,  assumed  to  move  as  a  whole,  is, 

^^      m      pis         I  .    . 
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In  the  case  of  an  orifice,  M,  as  already  shown,  is  expressed  by  p/c 
where  c  is  the  conductivity.  The  expression  for  c  in  terms  of  the  radius, 
U,  and  length,  /,  of  the  channel  is^ 

c  = TF  •  (32) 

/+  — 
2 

With    /    large    in    comparison    with    xi?/2,    this    reduces  to    Sjl   and 
M  =  pQIS)  as  already  stated. 

As  shown  in  the  discussion  of  (22)  we  should  substitute  VI pa^  for  C\, 
Therefore  our  equations  for  substitution  are: 


('+?) 


j^-^^^^  (33) 

and 

c  =  ^«-  (34) 

D.  Form  of  the  Filters, 
(a)  Low-Frequency  Pass  Filter, — In  a  preceding  section  we  found  at 
least  three  formulae  for  a  low-frequency  pass  filter.    They  are  as  follows: 


/i  -  o,        ft      ^yJj^^^Ci  +  C2)  ~  X  \ M1C2  +  4M1C1 '       ^^^ 
requiring  that  Cj  be  the  only  portion  of  the  branch ; 


requiring  that  M2  and  d  be  connected  in  series  and  that  Ci  be  zero; 

requiring  that  C2  be  the  only  portion  of  the  branch  and  that  Ci  be  zero. 
All  these  formulas  are  dimensionally  correct  and  there  is  no  conclusive 
evidence  showing  that  one  is  superior  to  another  save  by  actual  experi- 
ment.    Attention  may  be  called,  however,  to 

the  difficulty  of  constructing  a  C2  without  an  D       fl       Fl       Fl 

M2  in  series.     With  C2  only  the  most  favor-  |J       U       U       Lf"^ 

able   cross-section   of  construction  would  be  p|    3 

similar  to  Fig.  3.     But   there  would   be  an 
M2  and  the  justification  for  neglecting  it  would  be  raised. 

»  Rayleigh,  Theory  of  Sound,  Vol.  II.,  p.  181. 
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If  the  construction  is  made  as  in  Fig.  4,  the  Afj  is  better  defined  and 
can  be  determined  from  equation  (33).     These  considerations  point  to 

the  use  of  (JB). 
i-J^ILXILXIL,  (6)   High' Frequency    Pass   Filter,  — We  pre- 

l— 1    L-J    L-J         viously  found  three  simple  cases  of  a  high-fre- 
Fig  4.  quency  pass  filter.    The  formulae  are  as  follows: 


/I  -  «.        /2  -  2ir\4MtCiC2  ~  2x  ~  \4M, 


/4Af,Ci  '   MCtt 


(D) 


requiring  that  Mi  =  «  ; 

/     -  /     -  -L      IMI+AM}  _  i_      /_J_     .       J_  /R-N 

;i  -  « ,       /*  -  2x  \  4AfiM jCi  ~  2T  \4Af,<:i  "^  M iC,         ^-^^ 

requiring  that  Cj  =  o;  

/,  =  00,        /,  =  — J_l_. 


(^ 


requiring  that  -Afi  =  00  and  C2  =  o.  Formula  (£)  and  (F)  indicate 
that  it  might  be  possible  to  construct  such  a  filter  with  a  straight  tube 
and  side  branches  consisting  of  M2  only,  or  consisting  of  orifices.  This 
plan  has  been  followed  in  the  filters  herein  described. 

(c)  Single-Band  Filter, — We  previously  found  four  simple  single-band 
filters.     The  formulae  are  as  follows: 


f  =  -L  rn    f  =—  I  —^' ^l4^2__ 

^'       2x \  JI/2C2  '  2iryM,MtC^Ci  +  C2) 


2X 


1+4 


Ml 


I  +47^ 
C2  J 


(H) 


I  Mid 
requiring  that  all  of  the  four  elements  remain  in  consideration ; 


2ir\MtCi 


'M,(4Ci  +  0 


requiring  that  il/i  =  «  ; 


.J-  in: 

2jr      /  MiCj 


(/) 


r  ^_L   /  j_         r  ^_L   /Ml -I 

2ir\A/,Cs'  2ir\i  aMi 


+  4^2 


4MiMiCi 


2^\MtCtU 


+ 


4M,-], 
Mt] 


iJ) 
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requiring  that  Ci  =  o.    The  fourth  pair  of  values  requiring  that  Ci  =  o 
is  found  in  equations  (29)  and  (30)  or 


•'*        2T       /   Mid 


I 


'+m; 


I 
2t 


V 


I 

r       ,  ^1    1 

iW,C, 

.Mi'      4Mt' 

(Js:) 


£.  Empirical  Character  of  FormukB. 
We  are  prevented  from  securing  accurate  formulae  by  the  following 
circumstances: 

1.  Our  dimensions  cannot  be  vanishingly  small  as  compared  to  a 
wave-length  and  therefore  appreciable  phase  differences  occur  in  any 
section  or  branch. 

2.  We  cannot  get  an  accurate  expression  for  the  impedance  of  a  short 
tube  because  our  theory  assumes  that  this  impedance  is  strictly  in  the 
line,  whereas  a  tube  has  distributed  capacitance  virtually  between  itself 
and  the  undisturbed  surrounding  medium. 

3.  One  hypothesis  upon  which  the  theory  is  based  assumes  that  the 
junction  points  are  really  points,  i.e.,  there  can  be  no  accumulation  there. 

In  respect  to  these  circumstances  stated,  it  is  fair  to  say  that  the 
accuracy  of  the  approximations  cannot  be  estimated  save  by  experiment. 
It  is  allowable,  therefore,  to  take  the  position  that  we  are  to  seek,  in  the 
case  of  each  construction,  that  pair  of  formulae  which  seems  best  to  agree 
with  experiment.  In  other  words,  the  formulae  are  somewhat  empirical, 
though  their  manner  of  derivation  gives  a  reason  for  their  forms.  This 
attitude  of  empiricism  does  not,  then,  hide  the  nature  of  the  phenomena 
but  rather  decides  as  to  the  best  approximation. 

IV.  Comparison  of  Theory  and  Experiment. 

A.  Measurement  of  Transmission. 
An  apparatus.  Fig.  5,  similar  to  that  used  by  Drs.  Gray  and  Roebuck, 
but  not  described  in  print,  gave  sufficiently  accurate  measurements  of 


IS 


2i 


Fig.  5. 

the  transmission  of  the  filters.     Ti  and  T2  are  similar  telephone  receivrse, 
F  is  a  valve  connecting  a  pair  of  stethoscope  binaurals  to  either  T2  or 
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the  tube  which  connects  to  the  filter  F  and  Tu  the  resistance  boxes  are 
marked  by  the  l?*s,  and  the  source  of  sinusoidal  currents  is  an  oscillator 
loaned  by  the  Western  Electric  Company.  The  circuits  of  the  latter 
consist  of  an  oscillating  circuit,  an  amplifier,  an  electrical  low-frequency 
pass  filter  of  two  sections,  a  resistance  Ri,  and  inductances  and  capacities 
by  means  of  which  it  was  possible  to  get  fairly  pure  tones  from  90  to 
1,500  vibrations  and  tones  up  to  5,000  without  the  use  of  a  filter. 
Ri  was  small  in  comparison  with  Ri  and  the  latter  about  ten  times  the 
impedance  of  Ti  for  a  frequency  of  1,000  cycles.  R^  was  never  greater 
than  one  tenth  the  impedance  of  Ti  and  Uj.  The  brass  tubing  on  either 
side  of  F  was  .557  cm.  in  internal  diameter  and  2.5  meters  long.  The 
method  pursued  was  to  adjust  the  values  of  the  R*s  so  that,  without  the 
acoustic  filter  present,  the  values  of  R^  required  to  produce  the  same 
intensity  at  the  stethoscope  with  either  acoustic  connection,  were  not 
in  excess  of  the  limit  above  stated.  Each  filter  had  its  conducting  tube 
of  approximately  the  same  diameter  as  the  tubes  from  Fi  to  Ti  and  V. 
Settings  of  R^  were  recorded  for  the  various  frequencies  with  and  without 
F,  in  the  latter  case  a  tube  of  the  same  length  and  internal  diameter 
being  substituted  for  F,  The  transmitted  intensities  were  assumed 
proportional  to  the  square  of  1?6.  Thus  the  percentage  transmission  of 
F  at  a  certain  frequency  would  be  the  ratio  between  the  squares  of  Rb 
with  F  and  with  its  substitute  tube.  Obviously,  the  tubes  in  the  appa- 
ratus have  resonance  and  this  will  greatly  reduce  the  accuracy  of  the 
transmission  values.  For  frequencies  lower  than  2,000,  pieces  of  hair 
felt  were  inserted  every  15  cm.  or  so  to  increase  the  viscosity  and  reduce 
resonance.  Improved  readings  were  then  obtained.  The  curves  here- 
with presented  must  be  examined  with  the  understanding  that  resonance 
does  exist.  Since  our  immediate  object  was  merely  to  get  an  estimate  of 
the  filtering  action  rather  than  an  accurate  measure  of  transmission,  no 
effort  at  further  refinement  was  considered.  Experiments  showed  that 
even  with  the  felt  present,  variations  of  10  per  cent,  to  20  per  cent, 
apparent  transmission  with  frequency  might  occur. 

B,  Low- Frequency  Pass  Filters, 
The  general  construction  of  the  low-frequency  pass  filters  and  the 
experimental  transmission  curve  is  shown  in  Fig.  6.  The  accompanying 
Table  II.  gives  the  dimensions,  the  computations  and  certain  experi- 
mental facts  concerning  a  number  of  low-frequency  filters.  In  this 
Table  /,  r,  and  V  refer  to  the  length  of  section,  internal  radius  and  volume 
respectively.  The  subscript  i  refers  to  the  conducting  line  or  tube  and 
the  subscript  2  to  the  branches  or  in  the  case  of  the  form  here  used,  to 
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the  surrounding  tube.  The  value  /«  is  the  value  of  the  frequency  at 
which  the  transmission  is  50  per  cent,  of  the  "  unattenuated "  trans- 
mission of  the  filter.  Inasmuch  as  the  beginning  of  attenuation  cannot 
be  sharp,  this  mean  value  is  perhaps  the  fairest  selection  of  an  experi- 
mental value.  The  computations  indicated  by  the  letters,  -4,  JB,  and  C 
were  made  according  to  the  formulae  so  marked  in  the  preceding  theory. 
These  formulae  when  expressed  in  terms  of  the  dimensions  become,  after 


L09  OFFR£OUeMCr 

Fig.  6. 


substitution  in  accord  with  (31),  (33)  and  (34),  respectively,  {A'),  (JB') 
and  (CO  as  follows: 

rsT 


/i  =  o. 


/l  =  o. 


/-f 


^•:v. 


a 


r 


^ 

F, 


I 

I 

l-^ll 

/l  =  o,         /, 


*        ir\7,F»' 


{A') 


{B') 


(C) 


It  is  evident  that  the  formula  (JB')  is  to  be  preferred  since  it  gives 
approximately  the  experimental  values  of  /m  and  also  explains  satis- 
factorily the  variation  of  the  frequency  limit  of  attenuation  with  the 
conductivity  of  the  orifices  leading  from  the  transmission  conduit  to  the 
volume  in  the  branch. 

Attention  should  be  directed  to  several  other  facts  shown  in  the  table. 
The  percentage  transmission  in  the  "unattenuated"  region  given  in 
column  "T,**  seems  to  depend  upon  the  ratio  between  r^  and  fi,  the 
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No. 

No. 

Fa/ 

of 
Sec- 

h 

n 
cm. 

rs 
cm. 

cm. 

/-. 

''i^? 

^i?? 

/t(CO 
d.T. 

of 
Aper- 

T 

%. 

No. 

tioiu. 

turet. 

/ 

%. 

2 

3 

2,66 

.243 

1.71 

21.6 

450 

595 

462 

624 

2 

.20 

5,250  '  708 

3 

5 

5.0 

.243 

1.71 

43.1 

230 

308 

291 

321 

4 

.36 

3,100 

933 

13 

4.0 

1.42 

2.57 

44.4 

920 

1,140 

880 

2,075 

6 

.80 

3,300 

106 

l.S 

1.67 

.75 

1.42 

5.94 

2,200 

2,670 

2,710 

4.620 

16 

.80 

5,150 

106 

15 

1.67 

.75 

1.42 

5.94 

1,700 

2,670 

2,120 

4,620 

8 

2,900 

38 

16 

1.67 

.75 

1.15 

2.62 

3,200 

2,965 

4,085 

6,960 

16 

6,200 

55 

16 

1.67 

.75 

1.15 

2.62 

2,500 

2,965 

3,200 

6,960 

8 

4,000 

29 

17 

1.67 

.75 

1.30 

4.36 

2,700 

2,800 

3,175 

5,400 

16 

.65 

5,200 

66 

17 

1.67 

.75 

1.30 

4.36 

2,200 

2,800 

2,480 

5,400 

8 

3,000 

25 

Rl 

1.58 

1.19 

1.82 

7.1 

2,700 

3,080 

2,840 

6,885 

8 

.90 

3,500       9.4 

R2 

1.58.  1.19 

1.82 

7.1 

2,750 

3,080 

2,840 

6,885 

8 

.72 

4,000  1    25 

R3 

1.32 

1.19 

1.82 

5.87 

3,350 

3,700 

3,170 

8,300 

8 

.72 

4,750      18.7 

R4 

1.45 

1.19 

1.82 

6.48 

3,025 

3,370 

3,010 

7,520 

8 

.90 

4,600      65 

R5 

6 

2.58 

1.19 

1.82 

11.82 

2,000 

1,890 

2,095 

4,180 

8 

.90 

3,000     25 

R6 

6 

1.58 

1.19 

1.82 

7.1 

2,700 

3,080 

2,700 

6,885 

4 

.90 

4,750 

44 

R6 

6 

1.58 

1.19 

1.82 

7.1 

2,075 

3,080 

2,100 

6,885 

4 

.72 

3,100 

24 

number  of  sections  constant,  the  greater  the  ratio  the  less  the  transmis- 
sion. In  the  last  two  columns  labeled  "Fa/,"  the  one  under  "/"  refers 
to  the  first  audible  frequency  above  the  cut-off,  and  under  "%**  the 
ratio  between  the  range  of  inaudibility  and  the  actual  cut-off.  Here 
we  note  that  while  filters  in  which  fa/fi  is  large  have  inferior  transmission, 
yet  they  have  a  surprisingly  great  range  of  frequencies  above  the  cut-off 
where  the  filter  operates  successfully.  In  filters  2  and  3  this  range  is 
at  least  over  ten  times  the  cut-off  frequency.  As  the  ratio  of  fj/fi 
becomes  smaller,  this  cut-off  range  decreases  but  the  transmission  in  the 
"  unattenuated "  region  improves.  It  is  impossible  to  select,  without 
specifications  and  trial,  the  most  successful  design  for  a  given  frequency 
cut-off,  for  success  depends  upon  both  the  range  of  cut-off  and  upon  the 
percentage  of  transmission  in  the  unattenuated  region  desired.  The 
remarkable  feature  is  that  the  high  attenuation  in  the  region  above  the 
theoretical  lower  limit,  /2,  is  ever  as  great  as  ten  times  this  limit.  In 
fact,  in  the  case  of  No.  2,  that  frequency  having  a  wave-length  of  approxi- 
mately the  length  of  a  section  is  highly  attenuated.  The  performance 
is  better  than  one  would  hope.  Attention  is  directed  to  i?  I,  a  tube 
about  6  cm.  long  and  2.4  cm.  in  diameter  yet  capable  of  having  an 
attenuation  producing  inaudible  transmission  for  a  considerable  range 
above  the  cut-off.  Such  a  performance  is  a  surprise  to  one  accustomed 
to  the  difficulty  in  preventing  the  passage  of  sound  through  holes  and 
channels. 
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C.  High-Frequency  Pass  Filters. 
We  previously  have  mentioned  three  possible  simple  cases  of  a  high- 
frequency  pass  filter  but  two  of  these  seemed  to  consist  merely  of  a 
straight  tube  with  side  branches  each  having  an  Mt  or  orifices,  only. 
The  cross-section  of  such  a  filter  and  its  transmission  is  shown  in  Fig.  7. 


T— T-TTTmrn 

LO0  OF  FfnoutNer 


Fig.  7. 

If  we  substitute  in  the  formulae,  (£)  and  (F)  in  accord  with  (33)  and  (34), 
we  obtain  the  following: 


fi  =  «, 


^'^vJ^,' 


(F') 


wherein  c  is  the  conductivity  of  the  orifice  as  defined  in  (32). 

Data  of  several  filters  of  differing  dimensions  are  given  in  Table  III. 
The  last  column  found  in  Table  II.  is  here  omitted  because  these  filters 
gave  transmission  up  to  the  highest  frequency  tried — 5,000-7,000  d.v. 
The  experimental  results  are  therefore  strictly  in  accord  with  the  limits 
of  attenuation  set  by  the  theory  from  f^  to  zero.  A  reason  is  doubtless 
that  the  less  the  frequency  the  more  nearly  the  experimental  conditions 
meet  those  assumed  in  the  theory. 

The  general  conclusion  is  that  the  formula  (£')  is  very  satisfactory. 
It  is  to  be  noted  that  in  (£)  we  have  used  Ci.  This  is  the  only  case  of 
the  three  where  experiment  has  indicated  that  Ci  should  be  used.  As 
stated  in  the  discussion  of  the  theory,  the  assumption  of  Ci  in  parallel 
with  Ml  is  arbitrary.  A  justification  may  now  be  seen  in  the  following 
fact.     The  branch  lines,  Mi^  are  short.     Thus  there  is  a  much  greater 


Digitized  by 


Google 


548 

G.   W. 

STEWART. 

Second 
.Series. 

Table  III. 

No.  of 

h 

n 

h    1    fi 

No. 

Section*. 

cm. 

cm. 

cm.    1    cm. 

c. 

fm. 

/t(£0. 

MPn. 

r. 

15  II.... 

8 

2.5 

.243 

0.5 

.115     .061 

2.300 

2,400 

988 

.75 

19 

4 

5.0 

.243 

0.5 

.115     .061 

1.500 

1.300 

699 

.60 

22 

8 

2.5 

.243 

0.5 

.152  ,  .099 

2.200 

2,520 

1,262 

.50 

1,2,3,4.. 

8 

4.0 

.483 

1.22 

.278     .146 

1.500 

1.490 

610 

.75 

50 

12 

5.0 

.483 

0.5 

.139     .0845 

920 

1.170 

415 

.85 

50 

6 

10.0 

.483 

0.5 

.139  . .0845 

810 

620 

293 

.90 

50 

4 

15.0 

.483 

0.5 

.139     .0845 

525 

436 

240 

.90 

50 

3 

20.0 

.483 

0.5 

.139     .0845 

450 

344 

207 

.90 

pressure  gradient  in  M2  than  in  the  conduit  or  conducting  line  itself. 
The  particle  velocity  in  M2  is  therefore  much  greater  than  in  the  conduit. 
If  the  particle  velocity  in  the  line  were  actually  at  rest,  the  conduit  would 
serve  as  a  capacitance  for  M2.  Thus,  the  existence  of  an  effective 
capacitance  is  not  surprising. 

Attention  should  be  called  to  the  fact  that  experiment  showed  that  as 
M2  was  made  longer  or  very  narrow,  introducing  viscosity,  the  cut-off 
became  less  sharp. 

D.  Single-Band  Filters. 

We  have  already  presented  four  pairs  of  formulae  for  single-band  filters. 
If  we  now  have  a  filter  of  the  construction  shown  in  Fig.  8  and  denote 


LOQ  or  FRE9U€NCr 


Fig.  8. 

by  hy  S2  the  length  and  area  of  the  side  tube  and  by  c  the  conductivity 
of  the  holes  from  the  side  branch  into  the  chamber  F2,  these  four  formulae 
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may  be  written  after  substitution  according  to  (33)  and  (34)  as  follows 


/«  = 


2ir 


2Tr 


4'-'- 


1  +  4 


1  +  4 


Vs  J 


(/f) 


1+4 


/i5, 


2  J 


(/') 


=s#.('+^i)'     '■''' 


/. 


'~^\7,(/,c  +  5,)' 


/t  = 


2ir 


V'-"' 


(X') 


Fig.  8  also  shows  the  transmission  curve  of  one  of  the  filters,  5^9, 
with  which  the  range  of  highly  attenuated  frequencies  above  /2  is  rela- 
tively small.  The  two-column  '*  Faf  in  Table  IV.  is  similar  to  that  in 
Table  II.  The  reasons  for  the  lack  of  attenuation  in  these  high  frequen- 
cies are  doubtless  the  same  as  in  the  case  of  the  low-frequency  pass  filters 
described  in  a  previous  section.  For,  as  will  be  observed,  the  single-band 
filter  may  be  looked  upon  as  a  combination  of  the  two  other  types.  The 
experimental  results  show  the  (K')  formulae  to  be  the  most  satisfactory. 

V.   Discussion  and  Conclusions. 

The  high  attenuation  secured  with  but  few  sections  was  not  anticipated. 
General  experience  in  acoustics  increases  the  remarkableness  of  the 
action  of  the  filters.  The  agreement  with  the  theory  is,  in  view  of  the 
assumptions  made,  fairly  satisfactory  for  it  is  possible  to  construct  filters 
that  meet  specifications. 

The  physical  action  considered  herein  is  clearly  not  dissipation  but 
interference.  With  a  source  transmitting  energy  through  a  filter,  the 
action  of  the  latter  is  to  prevent  the  emission  of  energy  from  the  source 
in  these  frequencies  for  which  there  is  attenuation.  There  is  dissipation, 
or  at  least  a  decrease  in  transmission  in  the  filters,  extending  over  the 
unattenuated  region  and  this  seems  to  be  the  greater,  in  the  case  of  the 
low-frequency-pass  filter,  the  greater  the  ratio  of  n  and  fi. 

The  extent  of  the  usefulness  of  the  filter  will  be  determined  by  experi- 
ence.    Its  simplicity  and  cheapness  of  construction  make  it  a  serviceable 
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device.  In  the  laboratory  it  can  be  used  in  the  elimination  of  undesirable 
components  in  a  sound  wave,  and  for  certain  types  of  sound  analysis. 
In  the  latter  case  its  advantage  over  a  resonating  device  is  its  selection 
of  a  band  of  adjustable  width.  Its  possible  fields  of  usefulness  in  practical 
instruments  may  be  merely  mentioned.  In  the  rendition  of  records  on 
the  phonograph  and  in  the  wireless  telephone  many  undesirable  fre- 
quencies can  be  removed.  In  wireless  telegraphy  an  acoustic  filter  makes 
possible  the  simultaneous  reception  of  an  indefinite  number  of  messages 
with  the  same  antenna.  In  connection  with  a  megaphone  on  a  loud- 
speaking  device,  the  filter  has  also  an  application.  The  introduction  of 
this  new  filtering  phenomenon  may  in  time  aflfect  the  design  of  musical 
instruments.  Although  the  future  use  of  the  acoustic  filter  cannot  be 
foreseen,  there  is  one  fundamental  fact  to  be  recognized,  namely,  that 
an  aerial  wave  is  used  in  audition  and  that  a  modification  of  this  wave 
by  a  strictly  acoustical  method  wherein  the  air  is  the  medium,  gives  an 
opportunity  for  the  energy  to  flow  directly  from  the  filter  to  the  ear 
without  any  transformation  which  would  introduce  undesirable  modi- 
fications. These  acoustic  filters  have  a  great  acoustic  interest  and  the 
investigation  of  them,  both  theoretical  and  experimental,  is  being 
continued. 

Physical  Laboratory, 

State  University  of  Iowa. 
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A  STUDY  OF  THE  EXCITING  POWER  FOR  FLUORESCENCE 

OF  THE  DIFFERENT  PARTS  OF  THE 

ULTRAVIOLET  SPECTRUM. 

By  Leland  Jaynes  Boardman. 
Synopsis. 

Intensity  of  Fluorescence  as  a  Function  of  Wave-length  of  Exciting  Light,  0.55  to 
0.2  n, — The  purpose  of  the  experiment  was  to  determine  what  wave-lengths  are  effec- 
tive in  excitation  and  what  relations  exist  between  these  wave-lengths  and  the 
corresponding  absorption  and  fluorescence  spectra.  Light  from  a  source  giving  a 
continuous  spectrum  was  dispersed  by  means  of  a  quartz  spectrograph  and  allowed 
to  fall  on  the  substance  to  be  studied  which  was  spread  on  a  flat  surface.  Then 
the  parts  of  the  spectrum  which  excited  fluorescence  were  observed  or  photographed 
by  means  of  the  fluorescent  light.  A  preliminary  study  of  seventy  substances  showed 
that  all  the  oxides  (20)  and  simple  chlorides  (8)  tested  were  not  excited,  a  few 
substances  (7)  including  zinc  silicate,  zinc  sulphate  and  cadmiimi  phosphate 
fluoresced  faintly,  a  few  responded  well  (anthracene,  eosin,  fluorescein,  phenol- 
phthalein,  calcium  tungstate,  and  phosphorescent  willemite),  while  the  uranyl 
compounds  (20)  fluoresced  strongly.  For  the  last  group  the  effective  spectrum 
extended  from  0.55  to  0.35  fi  only,  while  for  the  others  it  extended  continuously 
to  0.2  fx  except  in  the  case  of  four  substances  for  which  light  from  0.35  to  0.325  was 
ineffective.  Excitation  band  spectrum  for  twelve  uranyl  compounds  was  determined 
by  measuring  the  density  of  the  plates  as  a  function  of  the  wave-length  by  means 
of  a  sensitive  photoelectric  spectrophotometer.  Some  curves  are  reproduced  and 
the  wave-numbers  corresponding  to  from  35  to  105  maxima  for  each  compound 
are  given.  Comparison  with  absorption  spectra  shows  close  agreement,  an  absorption 
band  corresponding  to  an  excitation  band  in  every  case.  This  relation  had  pre- 
viously been  found  by  Howe  to  hold  for  phosphorescent  sulphides. 

Absorption  Spectrum  of  Twelve  Uranyl  Compounds,  from  0.55  to  0.32  /x. — Because 
of  the  correspondence  noted  above  the  excitation  bands  may  be  taken  to  be  absorp- 
tion bands  and  thus  the  known  absorption  spectrum  be  considerably  extended  toward 
both  the  red  and  ultraviolet.  Comparison  of  these  bands  with  the  fluorescence 
spectrum  indicates  clearly  many  new  reversing  regions  where  the  fluorescent  light 
obscures  the  absorbing  effect.     These  are  listed. 

Introduction. 

THE  purpose  of  this  investigation  is  to  study  the  behavior  of  different 
portions  of  the  ultraviolet  spectrum  as  regards  the  ability  of 
exciting  fluorescence.  The  major  part  of  previous  work  in  fluorescence 
has  been  confined  to  a  study  of  the  fluorescence  and  absorption  spectra 
of  various  materials  and  the  relations  between  the  two.  This  enables 
one  to  describe  the  phenomena,  or  state  what  happens  as  the  result  of 
the  mechanism  producing  fluorescence.  It  also  throws  some  light  on 
the  nature  of  the  mechanism  itself. 
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It  seemed  probable  that  something  could  also  be  learned  about  this 
mechanism  by  studying  the  means  by  which  it  is  set  in  operation:  in 
other  words  by  studying  the  conditions  and  means  by  which  fluorescence 
is  excited.  As  a  part  of  this  problem  it  is  of  interest  to  determine  what 
wave-lengths  are  effective  in  excitation  and  what  relations  exist  between 
the  excitation,  absorption,  and  the  fluorescence  spectra.  Almost  the 
only  work  that  has  been  done  along  this  line  is  that  of  Stokes,^  and,  for 
a  certain  group  of  materials,  the  work  of  Lenard.* 

The  method  of  the  present  investigation  is  similar  to  that  used  by 
Stokes.  Quartz  was  however  used  in  place  of  glass,  and  better  sources 
of  ultraviolet  light  were  employed. 

Fig.  I  shows  the  arrangement  of  the         ^  »'> »^ 

apparatus.     Light  from  the  source  ^  ^^.  £ 

S  passed  through  a  spectrograph,  \\    [Jj 

and  then  fell  upon  the  fluorescent  v^Tn 

substance  mounted  in  the  plane  of  ^^4-^ 

the   plate-holder    of    the  spectro- 
graph at  ^.  ^*^'^* 

With  the  room  darkened  the  fluorescence  was  studied  for  color  and 
relative  intensity  by  the  eye  at  E.  For  more  accurate  study  a  photo- 
graph was  taken  by  means  of  a  camera  lens  L  and  a  plate  at  P.  In  this 
way  the  exciting  power  of  any  region  of  the  ultraviolet  light  was  easily 
determined,  since  the  dispersed  light  fell  immediately  upon  the  specimen 
spread  out  to  intercept  the  entire  beam  of  light. 

It  was  necessary  to  use  a  light  source  which  gives  a  continuous  ultra- 
violet spectrum  as  free  as  possible  from  lines  or  bands.  An  electric 
spark  under  water  was  quite  satisfactory  for  a  large  range  of  the  ultra- 
violet spectrum.  Other  sources  of  light  could  be  used  to  better  advantage 
however  in  the  visible  and  near  ultraviolet  region,  since  it  was  very 
difficult  to  maintain  a  spark  in  water  for  a  sufficiently  long  time  to  give 
a  proper  exposure  for  the  regions  of  weak  fluorescence.  Some  photo- 
graphs were  however  obtained  by  long  excitation  by  the  spark.  By  the 
method  of  producing  the  under-water  spark  used  in  this  work,  which  is 
described  in  another  paper  soon  to  be  published,  it  was  possible  to  main- 
tain a  vigorous  spark  discharge  8  mm.  in  length  for  half  an  hour  in  dis- 
tilled water,  by  means  of  a  Tesla  coil  operated  by  a  transformer  of  one 
kilowatt  capacity. 

It  was  found  that  a  400  c.p.  nitrogen-filled  glass-bulb  Mazda  lamp 
gave  sufficient  intensity  in  the  near  ultraviolet,  and  this  was  used  when 

»  Stokes.  Phil.  Trans.,  p.  463,  1852. 

*Lenard,  P.  Ueber  Lichtemission  und  deren  Erregung.  Annalen  der  Physik,  31,  p.  641* 
19x0. 
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possible  because  of  its  greater  convenience.     For  somewhat  shorter  wave- 
lengths a  similar  lamp  with  a  quartz  bulb  was  used. 

Two  spectrographs  were  used :  the  Fuess  type,  which  gives  a  spectrum 
about  5  cm.  long,  range  580  mti  to  200  mny  and  a  Hilger  instrument  which 
gives  five  regions  (5  settings)  of  the  spectrum  with  a  total  length  of  about 
30  cm.,  range  800  mti  to  205  mti.  This  spectrograph,  which  proved  to  be 
excellent  for  the  purpose,  is  constructed  so  that  five  adjustments  of  its 
parts  can  be  made  for  each  of  the  five  ranges  or  parts  of  the  spectrum. 
The  ranges  are:  800  to  400  w/i,  400  to  305,  305  to  255,  255  to  225  and 
225  to  205.  The  five  adjustments  are:  position  of  coUimating  lens, 
angle  at  which  the  prism  is  set,  the  angular  position  of  the  arm  carrying 
the  plate-holder,  the  position  of  the  objective  lens,  and  the  angle  which 
the  plane  of  the  plate-holder  makes  with  the  axis  of  the  plate-holder 
arm.  The  data  furnished  by  the  makers  for  the  various  adjustments 
were  corrected  for  this  particular  instrument  and  plotted  in  such  a  way 
as  to  show  the  relation  between  each  variable  and  the  corresponding 
range.  It  was  found  that  practically  linear  relations  existed,  so  that  it 
was  possible  to  set  for  any  intermediate  range  desired  by  merely  inter- 
polating between  the  given  settings.    A  split  quartz  prism  was  used. 

Preliminary  Study. 
A  visual  study  of  a  great  number  of  substances  was  made  in  order  to 
find  out  what  parts  of  the  ultraviolet  spectrum  were  most  capable  of 
exciting  fluorescence,  and  also  what  substances  respond  best  to  such 
excitation,  and  were  therefore  suitable  for  further  study.  The  Fuess 
spectrograph  was  mounted  in  such  a  way  as  to  make  the  plane  of  the 
plate-holder  horizontal.  The  substance  was  spread  out  on  a  piece  of 
glass  or  stiff  paper  and  held  in  the  plane  of  the  plate-holder.  The  follow- 
ing substances  were  examined  in  this  way,  a  record  being  made  in  each 
case  of  the  amount  and  position  of  the  fluorescence  excited  by  the  ultra- 
violet only  (since  the  dispersion  in  this  region  was  good  whereas  the 
visible  part  was  very  narrow).  The  uranyl  compounds  exhibited  the 
strongest  fluorescence.  They  are  given  in  the  order  of  relative  intensity, 
the  first  being  the  brightest.^ 

Rubidium  uranyl  nitrate,  Lead  uranyl  acetate. 

Rubidium  uranyl  sulphate.  Ammonium  uranyl  nitrate, 

Potassium  uranyl  sulphate.  Mercury  uranyl  acetate. 

Potassium  uranyl  nitrate,  Calcium  uranyl  acetate, 

Potassium  uranyl  chloride.  Strontium  uranyl  acetate, 

*  The  following  uranyl  compounds  were  found  to  fluoresce  most  strongly  under  x-ray 
excitation:  Rubidium  uranyl  nitrate,  rubidium  uranyl  sulphate,  cesium  uranyl  chloride  and 
lithium  uranyl  acetate. 
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Ammonium  potassium  uranyl  chloride, 

Cesium  uranyl  chloride, 

Lithium  uranyl  acetate, 

Cadmium  uranyl  acetate, 

Barium  uranyl  acetate. 

Other  substances  responding  well  to  ultraviolet  excitation  were: 

Anthracene,         If  variable  but  continuous  excitation  between  550  and 

Phenolphthalein,  J  [     200  m/i. 


Uranyl  acetate, 

Sodium  copper  uranyl  acetate. 

Silver  uranyl  acetate, 

Uranyl  tellurate, 

Thanous  uranyl  sulphate. 


Calcium  tungstate. 
Phosphorescent  willemite, 
Fluorescein, 
Eosin, 


excitation   between   550  and   350  m/i  and 
between  325  and  225  m/i  approximately. 
Last  two  substances  dissolved  in  water 
.    or  alcohol. 

The  following  substances  fluoresced  faintly  by  ultraviolet  excitation: 
CaC204,  Cadmium  phosphate. 

Phosphorescent  calcite. 
Zinc  silicate,  Sodium  uranyl  cobalt  acetate. 

Zinc  sulphate.  Sodium  molydate. 

The  following  substances  were   practically  unaffected   by   ultraviolet 
excitation : 

Cesium  chloride, 
Didymium  chloride, 

Lead  chloride, 
Naphthol  yellow, 
Potassium  iodide. 
Rubidium  chloride. 


Barium  chloride, 
Barium  sulphate, 
Berylium  chloride, 
Calcium  fluospar. 
Calcium  sulphate, 
Cadmium  iodide, 
and  the  oxides : 

AI2O3,  CaO, 
BaO,  CeOa, 
BijOa      CeO, 


Sodium  chloride, 
Sodium  silicate. 
Telluric  acid, 
Thallun  sulphate, 
Tungstic  acid. 
Vanadium  chloride, 


CraOs,     PbO,      NiO,       SiO,       UO3, 
CuO,       MgO,     NizOj,     SnOj,     ZnO. 
FeO,       MnO,    SbzOs,     TeOj, 
Three  general  types  of  excitation  were  observed.     First,  a  broad  con- 
tinuous region  of  excitation,  somewhat  variable  in  intensity  and  becoming 
gradually  weaker  further  out  in  the  ultraviolet.     Second,  strong  in  the 
violet  and   near   ultraviolet  to  about  350  m/i  where  the   fluorescence 
seems  to  dissappear  over  about  25  m/i  then  to  reappear  over  a  region 
about  100  m/i  long  with  a  maximum  at  about  275  m/i.     Third,  strong  in 
the  violet  and  near  ultraviolet  to  about  350  m/i  where  the  intensity  drops 
very  rapidly  to  practically  zero  in  some  cases  or  to  a  relatively  small 
value  beyond  which  point  the  intensity  gradually  fades  away.     No 
fluorescence  was  observed  beyond  200  m/i.     Anthracene  is  a  good  example 
of  the  first  type,  calcium  tungstate  and  fluorescein  are  good  examples 
of  the  second  type,  and  the  uranyl  compounds  illustrate  the  third  type. 
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Photographs  were  obtained  of  the  fluorescent  light  emitted  from  nearly 
all  of  the  substances  listed  above  which  show  any  appreciable  effect. 
The  means  of  mounting  the  material  is  described  in  the  following  para- 
graph. It  was  very  difficult  to  secure  good  photographs  in  some  cases, 
particularly  with  the  liquid  solutions  of  fluorescein  and  eosin.  The 
Fuess  spectrograph  was  used  and  a  camera  lens  of  7  inches  focal  length. 
Exposures  ranging  from  one  minute  to  thirty  minutes  were  necessary. 

Method  of  Mounting  the  Fluorescent  Substance. 
It  was  necessary  to  h^ve  the  fluorescent  material  offer  a  smooth 
surface  to  the  exciting  light  in  order  to  obtain  a  good  record  on  the 
photographic  plate,  to  which  end  the  following  simple  method  was  used. 
A  strip  of  varnish  or  glue  about  two  centimeters  wide  was  made  across 
the  whole  width  of  the  plate,  and  the  powdered  substance  was  sprinkled 
over  this  with  sufficient  depth  to  cover  it  completely.  Another  glass 
plate  was  then  used  to  press  upon  on  rub  this  surface  till  it  was  made  as 
smooth  as  possible.  Care  was  taken  not  to  leave  any  part  of  the  surface 
in  a  matte  white  condition  due  to  rubbing,  as  such  a  part  may  appear 
on  the  photograph  to  be  different  from  its  surroundings.  In  case  of 
some  of  the  uranyl  salts  the  natural  crystals  are  very  hard  to  reduce  to 
fine  enough  granulations  to  make  a  smooth  surface  possible  in  this  way. 
Some  of  the  photographs  show  this.  In  case  of  liquids  or  solutions  a 
strip  of  quartz  was  used,  and  it  was  mounted  in  such  a  way  as  to  cover 
the  portion  of  liquid  to  be  exposed. 

.  Further  Study  of  the  Uranyl  Compounds. 
It  was  mentioned  above  that  the  uranyl  compounds  were  excited  to 
fluorescence  by  wave-lengths  of  light  lying  between  550  m/i  and  350  m/i. 
(Excitation  by  shorter  wave-lengths  than  this  was  very  feeble,  too  faint 
indeed  to  be  photographed.)  In  the  most  intense  part  of  the  excitation, 
as  photographed  by  the  Fuess  spectrograph,  there  appears  to  be  a  short 
region  in  which  the  excitation  is  variable,  giving  what  might  be  called 
bands,  and  this  region  is  the  same  as  that  in  which  absorption  bands  for 
these  same  materials  are  found.  Now  fluorescence  is  undoubtedly  due 
primarily  to  absorption,  though  it  cannot  be  assumed  that  greater 
absorption  will  produce  proportionately  greater  fluorescence.  It  seems 
reasonable  nevertheless  to  expect  that  there  may  be  some  variation  in 
the  excitation  where  there  is  variable  absorption.  If  it  is  true  that  the 
variation  in  the  intensity  of  the  fluorescence  is  due  to  the  changing 
absorption  of  the  dispersed  exciting  light,  this  method  might  well  be  used 
in  detecting  and  studying  the  absorption  of  materials,  for  if  light  of  a 
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particular  wave-length  is  absorbed  and  this  excites  fluorescence  which 
emanates  from  the  same,  or  neighboring,  spot,  it  would  be  very  easy 
to  observe  this  photographically  in  case  there  is  good  dispersion  of  the 
exciting  light.  The  work  that  follows  is  an  attempt  first  to  test  the 
validity  of  the  assumption  by  seeing  if  fluorescence  bands  do  occur  where 
absorption  bands  are  known  to  exist,  and,  if  the  results  confirm  the 
assumption,  to  locate  the  position  of  as  many  absorption  bands  as  this 
method  is  capable  of  giving,  and  thereby  to  test  the  laws  which  have 
been  found  to  govern  the  arrangement  of  the  bands  previously  observed. 
The  uranyl  salts  are  particularly  good  for  this  work  because  they  give 
many  narrow  bands,  both  in  the  fluorescence  region  of  the  spectrum  and 
in  the  absorption  region. 

The  Following  are  the  Compounds  Tested: 

1.  Barium  uranyl  acetate,  7.  Cesium  uranyl  chloride, 

2.  Lithium  uranyl  acetate,  8.  Potassium  uranyl  chloride, 

3.  Mercury  uranyl  acetate,  9.  Potassium  uranyl  nitrate, 

4.  Strontium  uranyl  acetate,  10.  Rubidium  uranyl  nitrate, 

5.  Uranyl  acetate,  1 1 .  Cesium  uranyl  sulphate, 

6.  Sodium  copper  uranyl  acetate,     12.  Rubidium  uranyl  sulphate. 
Nichols  and  Howes^  in  their  recent  treatise  entitled  "  Fluorescence  of 

the  Uranyl  Salts"  give  a  summary  of  results  showing  the  distribution 
and  character  of  the  fluorescence  spectrum  and  the  absorption  spectrum 
of  many  uranyl  compounds.  It  is  shown  that  the  spectrum  of  the 
fluorescent  light  consists  of  bands  which  naturally  form  eight  groups  of 
five  members  each,  approximately,  ranging  from  640  m/i  to  490  m^, 
or  thereabouts.  The  absorption  spectrum  consists  also  of  bands  having 
about  the  same  arrangement,  but  ranging  from  490  m/i  to  380  m/i,  appar- 
ently a  continuation  of  the  fluorescence  spectrum.  The  frequency  inter- 
vals (reciprocal  wave-length  intervals)  between  homologous  bands  of 
each  group  are  practically  the  same  throughout  the  spectrum  of  either, 
the  interval  being  about  86  in  the  fluorescence  spectrum  and  about  70 
in  the  absorption  spectrum.  The  last  member  of  the  fluorescence  series 
is  usually  coincident  with  or  at  a  distance  from  the  first  member  of  the 
absorption  series  of  the  homologous  band  of  86  or  70  frequency  units. 
Considering  all  of  the  series  of  the  various  homologous  bands  there  is  an 
overlapping  of  the  fluorescence  and  absorption  spectra  of  about  three 
groups,  called  the  "reversing  region*'  because  here  there  are  coincidences 
of  fluorescence  and  absorption  bands. 

In  this  work  a  glass-bulb  nitrogen-filled  tungsten  lamp,  running  at  6 
amperes,  was  used  as  a  source  of  ultraviolet  light.     A  quartz  mercury 

*  Nichols  and  Howes,  Carnegie  Inst.  Wash.  Pub.,  No.  298,  I919. 
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lamp  was  used^  for  calibration  purposes,  the  calibration  spectrum  being 
photographed  alongside  of  the  other  spectrum  by  exposing  an  adjacent 
portion  of  the  slit  of  the  spectrograph,  both  exposures  taking  place  at  the 
same  time. 

The  intensity  of  blackening  of  the  plates  was  measured  by  means  of  a 
device  set  up  by  J.  O.  Perrine  in  connection  with  his  work*  on  "  A  Spectro- 

graphic  Study  of  Ultraviolet 
Fluorescence  Excited  by  X- 
rays."  The  apparatus  makes  use 
of  a  photo-electric  cell,  C  in  Fig. 
2,  and  a  sensitive  galvanometer 
G.  The  cell,  which  was  selected 
after  trial  of  several  types,  was 
made  by  Kunz.*  A  Leeds  and 
Northrup  type  C  galvanometer 
was  used  about  6  meters  'from 


IH^ 


^^ 


? 
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.|.|.|l|l[- 


Fig.  2. 


the  scale  near  the  comparator  and  cell.  The  comparator  carried  the 
photographic  plate  P  just  under  a  slit  2  mm.  by  .25  mm.,  through 
which  a  strong  beam  of  light  from  an  incandescent  lamp  L  was  passed. 
The  lamp  had  one  filament  carrying  a  current  of  about  6  amperes  from  a 
storage  battery.  The  current  could  be  adjusted  to  meet  the  needs  of  the 
plate.  £  is  a  constant  potential  dry  battery  of  about  80  volts.  Further 
description  of  the  apparatus  is  given  in  the  paper  just  cited. 

Much  of  the  success  of  the  present  work  is  due  to  this  apparatus. 
The  instrument,  which  is  highly  sensitive  to  any  variation  in  the  density 
of  the  photographic  image,  has  many  advantages  over  other  methods 
such  as  those  depending  on  the  eye,  but  faulty  places  in  the  photograph 
must  be  carefully  avoided  or  eliminated  by  comparison  with  other  photo- 
graphs. 

Method  of  Plotting. 

Curves  were  first  made  from  the  galvanometer  deflections  and  the 
positions  on  the  comparator.  The  intensities  of  the  light  transmitted 
by  the  negative  were  plotted  as  ordinates  and  the  comparator  readings 
as  abscissae,  these  plots  being  made  while  the  measurements  were  being 
made,  i,e,,  plotting  rather  than  recording  the  numbers.  The  intensities 
are  merely  relative,  so  that  a  convenient  arbitrary  scale  was  chosen  to 
represent  them.     The  positions  of  the  mercury  lines  were  located  on  the 

*  The  well-known,  yellowish  green  fluorescence  of  the*  substances  is  of  a  color  to  which 
most  photographic  plates  do  not  respond  well.  The  most  satisfactory  of  the  numerous 
plates  tested  was  found  to  be  the  polychrome  plate  made  by  the  Eastman  Kodak  Company. 

*  J.  O.  Perrine;   Thesis  in  M.S.  in  Cornell  University  Library. 
'  Kunz  and  Stebbins.  Ph\'sical  Revibw,  7.  p.  282. 
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plot  by  observing  the  comparator  reading  for  the  smallest  deflection  of 
the  galvanometer;  thus  the  densest  part  of  the  line  was  taken  as  the 
proper  position  of  the  line.  A  setting  could  be  made  to  the  nearest 
tenth  of  a  millimeter.  Five  to  seven  mercury  lines  were  thus  located  on 
each  plot.  Knowing  their  wave-lengths  to  four  significant  figures  their 
reciprocals  were  plotted  (on  another  sheet)  as  ordinates  against  their 
recorded  positions  on  the  plot  as  abscissae,  and  thus  a  calibration  plot 
was  obtained,  giving  the  reciprocal  wave-lengths  for  any  comparator 
reading  on  the  first  plot.  Using  this  calibration  plot  the  final  plot  was 
obtained  where  the  intensities  of  the  light  were  plotted  against  the 
reciprocal  wave-lengths.  A  new  calibration  plot  was  used  whenever 
the  mercury  lines  were  found  to  be  spaced  differently  due  to  different 
magnifications  caused  either  by  a  change  in  the  settings  of  the  spectro- 
graph or  by  a  change  in  the  camera  adjustment.  Final  curves  were  made 
in  this  way  for  each  of  the  twelve  uranyl  compounds. 

In  these  plots  a  millimeter  represents  2.5  frequency  units,^  and  one 
tenth  of  a  millimeter  on  the  photographic  plate.  The  accuracy  of  the 
data  recorded  in  Tables  I.  to  V.  is  such  that  the  results  are  prob- 
ably correct  to  within  three  frequency  units.  An  estimated  "probable 
error**  is  near  one  frequency  unit.  Typical  curves  are  presented,  greatly 
reduced,  in  Figs.  3,  4,  5  and  6. 


UTftlU/^  URAMYL 

ACETATE 


••^  "MiMLtlU  u. .  ,^ 


Fig.  3. 

'  A  frequency  unit  is  such  that  500  m/i  corresponds  to  2000  frequency  units,  i .«., 

I 
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Second 


Peaks  in  the  curves  represent  regions  of  greater  fluorescence.  They 
are  undoubtedly  regions  of  greater  absorption,  and  many  of  them  coincide 
with  absorption  bands  of  these  substances  that  have  been  located  by 
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REC/PROCAL    UAVE'LENGTH 


Fig.  4. 

Other  methods.  The  data  in  the  tables  are  arranged  in  two  columns 
so  as  to  show  the  agreement  of  the  results  obtained  by  this  method  and 
measurements  made  by  other  methods.    The  first  column  shows  the 


CESIUfI  VRAHiL  CHLOfHD£ 


lllllll     II  II  II 

. RECIFROCAl   \^AV£'LENCTH 


Fig.  5. 

former,  the  second  column  the  latter  as  published  by  Nichols  and  Howes. 
The  photo-electric  cell  is  so  sensitive  as  to  detect  bands  that  are  not 
apparent  to  the  unaided  eye.     Data  for  these  fainter  bands  seem  to  check 
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equally  well,  therefore  credence  is  given  to  these  also.  Wherever  there 
is  a  marked  difference  in  the  direction  of  the  curve  such  as  to  indicate  a 
partially  resolved  band  and  wherever  the  main  part  of  an  unresolved  band 
appears  there  is  a  short  vertical  line  drawn  through  the  curve,  and  these 
lines  appear  again  at  the  bottom  of  the  plot.  The  bands  have  been 
designated  by  the  same  symbols  used  by  Nichols  and  Howes.  In  cases 
where  bands  could  not  be  identified,  symbols  were  assigned  so  as  to  agree 
as  nearly  as  possible  with  those  of  the  same  class,  e.g.,  the  acetates, 
nitrates,  etc.,  as  determined  by  Nichols  and  Howes. 

Extension  of  the  Absorption  Region. 
Some  of  the  photographs  show  very  distinctly  that  the  absorption 
bands  extend  further  into  the  ultraviolet  region  than  it  has  been  possible 
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Fig.  6. 

to  go  by  the  other  methods.  Cesium  uranyl  chloride  is  particularly 
rich  in  bands  throughout  the  region  covered  by  the  photograph.  It 
has  been  known  that  this  substance  is  more  fully  resolved  at  ordinary 
temperatures  than  most  of  the  other  uranyl  compounds.  In  order  to 
see  if  the  bands  really  extend  as  far  as  there  is  any  fluorescence  excited, 
a  few  long-time  exposures  were  made,  the  range  being  390  m/i  to  310  m/i. 
A  quartz-bulb  nitrogen-filled  tungsten  lamp  was  used.  An  exposure  of 
two  hours  was  found  to  be  sufficient  to  register  all  of  the  bands  that  could 
be  recorded  by  the  photographic  plate.  Further  exposure  only  made 
the  black  part  of  the  plate  darker  and  made  the  detection  of  the  bands 
by  the  photo-electric  cell  more  difficult.  In  fact  it  was  necessary  to 
have  regard  to  the  time  of  exposure  in  all  cases  in  order  to  obtain  proper 
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Table  I. 

Bands  Appearing  in  Two  or  More  Curves  for  Cesium  Uranyl  Chloride, 
Range  550  m/i  to  370  m/«.  approximately.    See  Fig.  5. 


Carre  a. 

Curve  b. 

Curre  c. 

Curre  on 

I/X. 

i/X. 
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2218 

2218 
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2245 

2245 
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2336 
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2405 

d, 

2440 

2438 

2440 

a.' 

.... 

2462 

2464 

b,' 

2473 
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2473 

d,' 

2505 

2505 
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d, 

2512 

2512 

2510 

e," 

2528 

2530 

.... 

b.' 

2543 

2543 

.... 

b, 

2557 

2557 



d," 

2572 

2572 

.... 

d, 

2586 

2586 

e," 

2600 

2602 

2602 

c 

2632 



2633 

d 

.... 

2650 

2650 

e 

2657 

2657 

.... 

a 

.... 

2675 

2675 

b.' 

2687 

.... 

2686 

d," 

2712 

2710 



d 

2722 

2722 

2722 

e 

2730 

2728 

.... 

sensitiveness  in  measuring  the  plates.    Too  long  exposures  tend  to  fill 
up  the  places  between  the  bands  and  destroy  the  contrast. 

All  of  the  twelve  compounds  were  photographed  for  the  range  390  m/i 
to  310  m/i,  measurements  were  made,  and  the  data  plotted  in  the  same 
manner  as  in  the  case  of  the  first  range.    Since  the  first  range  extended 
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from  about  550  m/x  to  370  m/x,  there  was  an  overlapping  of  about  20  m/x. 
This  repetition  aided  in  establishing  the  reality  of  the  bands.  Only  for 
cesium  uranyl  chloride  were  there  independent  measurements  made  with 
the  photo-electric  cell  from  different  photographs  over  the  first  range. 
These  are  plotted  on  the  same  sheet  (Fig.  5).  There  is  also  a  curve  to 
show  the  effect  of  placing  a  screen  between  the  substance  and  the  plate 


Table  II. 


Barioiii  Unmyl  Acetate. 

Lithium  Unmyl  Acetate. 

Uranyl  Acetate. 

B.Valuet 
of 

x/X. 

N.ftH. 

Valnet  of  i/X, 

p.  x6i,  167. 

B.Valnea 
of 

i/X. 

N.  &H. 

Valnet  of  x/X, 

p.  X58,  X64. 

B.yalaet 
of 

x/X. 

N.ftH. 

Valoea  of  x/X, 
•   p.  X49. 

1805  1 

1800  A 

1788  El 

1791  El 

1830  D 

1828  D 

1827  C 

1825  C 

1803  F 

1802  F 

1862  H 

1852  F 

1852  F 

1820  G 

1817  G 

1888  1 

1870 

1860  B 

1857  B 

1925  E 

1923  E 

1924  D 

1913  H 

1912  H 

1943  G 

1942  G 

1938  F 

1936  F 

1965  E 

1965  E 

1975  1 

1980  1 

• 

1988  G 

1989  G 

2018  F 

2017  F 

2005  D 

2005  D 

2028  B 

2029  B 

2032  H 

2052  h 

2039  C 

2039  C 

2070  C 

2068  h' 

2053  Fi 

2056  Fi 

2085  D 

2086  D 

2125  h 

2124  h 

2075  G 

2073  G 

2100  F 

2101  F 

2138  h' 

2088  H 

2125  G' 

2152  c' 

^ 

2100  e' 

2155  c 

2168  c 

.  2120  f 

2210  g' 

2185  e 

2185  e 

2150  d 

2245  e' 

2219  c' 

2173  e' 

2275  gh 
2305  c" 

2276  gh 

2238  c 
2285  c 

2235  c 

2210  i 
2215  g 

2345  gh 
2365 

2338  h 
2350  h' 

2223  d 
2260  f 

2395  e 

2394  e 

2360  c' 

2270  k 

2420  gh 
2450  f ' 

2419  gh 

2373  c 
2415  h' 

2373  c 

22811 
2303  c 

2475  g 

2443  c 

2446  c 

2315  e' 

2488  gh 
2502  c 

2487  gh 

2455  f 
2470  e 

2323  e 
2340  k 

2520  f ' 

2488  h' 

2353  d 

2530  e" 

2513  c 

2515  c 

2388  f 

2548  g 

2545  h 

2412  k 

2560  gh 
2568  c' 

2565  c 
2586  c 

2585  c 

2445  c 
2465  e 

2578  c 

2603  g 

2490  i 

2600  e" 

2610  e 

2503  d 

2615  g 

2618  h 

2518  c 

2626  h' 

2635  c 

2538  e 

2632  gh 

2650  c 

2547  f 
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LSeriss. 


Baritun  Urtnyl  Acetate. 

Lithinm  Uranyl  Acetate. 

Uraayi  Acetate. 

B.Velnes 
of 

i/X. 

N.  ftH. 

Values  of  i/X, 

p.  i6i,  167. 

B.Valaet 
of 
lA. 

N.ftH. 

Values  of  i  A» 

p.  158, 164. 

B.  Values 
of 

lA. 

N.ftH. 

Values  of  tfX, 

p.  149. 

2665  e' 

2663  c 

2557 

2688  g 

2678  e 

2563  i 

2707  c' 

2688  h 

2576  d 

2728  f 

2698  h' 

2585  c 

2738  e' 

2711  c' 

2593  e' 

2748  e 

2724  c 

2602  f 

2757  g 

2743  g 

2607  e' 

2770  gh 

» 

2750  e 

2618  r     ! 

2790  c" 

2778  c 

2633 i         I 

2805  e' 

2790  c 

2638  g 

2815  e 

2810  g 

2653  c 

2843  gh 

2828  h 

2675  e 

2855  c 

2850  c' 

2680  X 

2867  f ' 

2889  e 

2690  f ' 

2877  e' 

2907  h' 

2697  k 

2888  e 

2915  c    ' 

2708  g        : 

2905  h' 

2925  c 

2718  d 

2922  c' 

2982  c 

2740  f 

2930  c" 

3003 

2748  X 

2943  e' 

2763  k 

2978  gh 

2777  g 

2995  c 

2789  d        1 

3030  e 

2813  e        ' 

3085  e' 

2825  f 

3122  c' 

2838  k 

3148  r      ; 

i 

2848  g 
2880  e 
2923  d 

2948  e 

2973  k 

3028  X 

3057  g 

3075  d 

1 

3118  k 

! 

3128  g 

3143  d 

1 

3165  X 

with  the  hope  of  screening  oflf  some  of  the  visible  light  diffusely  reflected 
from  the  substance.  This  procedure  was  however  not  satisfactory.  One 
purpose  of  the  three  plots  (or  curves)  for  cesium  uranyl  chloride  is  to  show 
how  well  the  bands  check.  The  data  are  given  in  Table  I.  Bands  that 
appear  in  two  or  more  curves  are  given  in  parallel  columns.  It  can  be 
seen  that  the  differences  are  few  in  number  and  are  well  within  the 
experimental  error. 
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Discussion  of  Results. 

In  Tables  II.  to  V.  comparison  is  made  with  former  data  obtained 
when  the  substance  was  at  the  temperature  of  liquid  air,  —  185*^  C. 
This  seems  justifiable  because  of  the  fact  that  some  of  the  compounds 
are  partially  resolved  at  room  temperature,  so  that  the  components, 
which  are  separated  quite  well  by  the  relatively  large  dispersion  of  the 
spectrograph,  show  up  well  when  measured  by  the  photo-electric  cell. 

A  comparison  of  the  results  obtained  by  the  present  method  with 
those  of  other  methods  seems  to  establish  the  fact  that  the  position  of  the 
absorption  bands  can  be  determined  by  the  fluorescence  that  the  absorption 
gives  rise  to,  a  fact  already  established  by  Howe^  in  the  case  of  certain 
phosphorescent  sulphides.     Not  all  absorption  bands  may  have  the 

Table  III. 


PotaMinm  Unmyl  Nitrate. 

PotaMinm  Uranyl  Chloride. 

Rubidium  Uranyl  Sulphate. 

B.  VahiM 

N.  ftH. 

B.  Values 

N.ftH. 

B.  Vahies 

N.ftH. 

of 

Valnes  of  i/X, 

of 

Values  of  x/X, 

of 

Values  of  i/X, 
p.  i74»  178. 

I/X. 

p.  139. 

i/X. 

p.  90-93. 

I/X. 

1795  D 

1794  D 

1761 

1810  1 

1812  1 

1823  1 

1824  1 

1787  Ai 

1785  Ai 

1822  A' 

1860  B 

1862  B 

1815  Ci 

1816  Ci 

1842  C 

1844  C 

1978  E 

1976  E 

1945  E,' 

1940  E,' 

1872  F 

1872  F 

2005  J 

2007  J 

1987  Ct 

1988  Ct 

1907  A' 

1908  A' 

2070  F 

2069  F 

2012  d, 

2014  di 

1948  E 

1947  E 

2093 

2085  d, 

1957  F 

1955  F 

2127  d 

2155  d, 

2155  d, 

1990  A' 

1992  A' 

2162  f 

2237  e,' 

2012  c 

2011  C 

2188  1' 

2268  c' 

2264  c' 

2063  bi 

2066  bi 

2268  d 

2269  d 

2335  Ct' 

2333  c' 

2078 

2337  d 

2375  e,' 

2375  e,' 

2093  ei 

2096  ei 

2372  f 

2369  f 

2390  a 

2392  a 

2133  bi 

2137  bi 

2394  1' 

2397  1' 

2456  ai 

2456  ai 

2165  ei 

2425  j 

2468  c. 

2190  g 

2188  g 

2450  k 

2477  c' 

2205  bi 

2206  bi 

2492  j 

2530  a," 

2533  a," 

2238  ei 

2522  k 

2548  c' 

2268  h 

2267  h 

2535  1' 

2595  ai 

2595  ai 

2282  ci 

2563  j 

2613  c' 

2300  d 

2301  d 

2580  f 

2626  di 

2322  gi 

2322  gi 

2605  1' 

2655  e,' 

2340  h 

2341  h 

2618  d 

2665  ai  * 

2375  ei 

2375  ei 

2637  j 

2675  c, 

2410  h 

2409  h 

2655  f 

2698  di 

2420  bi 

2675  r 

2726  e,' 

2430  c 

2703  3 

2737  ai 

2450  ei 

2450  ei 

2722  f 

2755  c' 

2482  h 

2745  1' 

2782  d, 

2498  ci 

»  Trans.  Am.  Philos.  Soc..  LVI.,  p.  259  (191 7). 
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[Second 
Series. 


Table  III. — continued. 


Potassium  Uraxisrl  Nitrate. 

Rubidium  Uranyl  Sulphate. 

B.  Values 
of 

l/X. 

N.  ftH. 

Values  of  i/X, 

p.  139. 

B.  Values 
of 

xA. 

N.  ftH. 

Values  of  x/X, 
p.  90-93. 

B.  Values 
of 

l/X. 

N.  ftH. 

Values  of  x /X, 

p.  X74t  X78. 

2757  d 

2800  bi' 

2522  ei 

2798  k 

2807  ai 

2550  h 

2813  1' 

2818  ct 

2572  c 

2853  ' 

2835  di 

2585  d 

2883  V 

2850  d, 

2606  gi 

2898  d 

2876  ai 

2622  h 

2915  j 

2887  c, 

2637  ci 

2928  f 

2898  c," 

2653  d' 

2953  V 

2918  d, 

2667  ei 

2983  j 

2939  bi' 

2680  g 

3032  d 

2950  c, 

2705  ci 

3050  j 

2968  c," 

2715  c 

3075  k 

2998  e,' 

2724  d 

3100  d 

3018  ai 
3042  di 
3080  bi' 
3100  c' 
3128  di 
3151a 

2738  ei 
2745  gi 
2757  hi 
2782  ci 
2803 
2820  g 
2838  bi 
2855  c 
2898  hi 
2915  ci 
2930  c 
2949 
2978  bi 
3000  c 
3040  hi 

power  of  exciting  fluorescence,  and,  if  so,  such  bands  would  not  appear 
on  the  plate.  This  may  explain  why  some  bands  are  missing  by  this 
method.  Most  of  the  known  bands  do  appear  however  and  many  more 
besides.  Where  formerly  the  absorption  spectrum  was  observed  only 
between  490  m/i  and  380  m/x,  approximately,  the  range  is  extended  by  this 
method  in  both  directions,  i.e,,  550  m/x  to  322  m/i,  or  through  a  frequency 
range  of  1800  to  3100.  In  the  extension  toward  the  shorter  wave- 
lengths the  bands  readily  fall  into  the  series  already  determined,  a  fact 
which  strengthens  the  belief  that  all  regions  showing  fluorescence  really 
serve  to  locate  absorption  bands. 

In  a  few  instances  there  seemed  to  be  a  new  series  starting  somewhere 
near  the  middle  of  the  complete  absorption  region,  but  more  observations 
are  needed  to  establish  this  if  such  is  the  case.     Series  of  this  sort  are 
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indicated  by  letters  in  the  latter  part  of  the  alphabet.  Again,  there  is 
some  indication  that  the  intensity  of  the  members  of  the  series  varies 
as  we  go  through  the  spectrum,  resulting  in  more  than  one  maximum. 
If  this  is  true  it  may  explain  the  apparent  omission  of  a  part  of  the  series 
due  to  the  faintness  of  the  bands,  as  can  be  noted  in  some  cases. 

Reversing  Region. 
The  so-called  reversing  region  lies  within  the  seventh,  eighth  and  ninth 
groups  of  the  fluorescent  spectra,  i.«.,  2,000  to  2,200  frequency  units 

Table  IV. 


Cetinm  Uranyl  Salnhate. 

Strontinm  Unmyl  Acetate. 

Sodhun 
Copper 
Uranyl 
Acetate. 

Mercurj 
Uranyl 
Acetate. 

B.  ValttM 
of 

i/X. 

N.  ftH. 

ValttM  of  i/X, 
p.  I75»  W. 

B.  ValoM 
of 

i/X. 

N.  ftH. 

VahiM, 

p.  160, 166. 

Rubidium 
Unmyl 
Nitrate. 

1795  E 

1794  E 

1810 

1820  C 

1798  A 

1788  D 

1815  G 

1813  G 

2000  D 

2004  D 

1873  B 

1812  B 

1807  F 

1845  B 

1848  B 

2050  H 

2046  H 

1975  A 

1885  B 

1840  K 

1864  C 

1861  C 

2128  h' 

2000  D 

1980  C 

1852  L 

1903  G 

2200  h' 

2206  h' 

2040  B 

2015  c' 

1910  1 

1915  1 

1913  1 

2270  h 

2274  h 

2080  C 

2030  c 

1923  K 

1952  D 

1954  D 

2287 

2100  f 

2085  c' 

1960  D 

1990  H 

1993  H 

2302  j 

2128  b 

2150  h 

2045  D 

2018  i 

2337  h' 

2152  h 

2200  g 

2095  K 

2035  c' 

2036  c' 

2350  i 

2350  i 

2205  g 

2218  h 

2120  V 

2050  E 

2052  E 

2400  e" 

2400  e" 

2263  fi 

2252  e 

2193  r 

2063  f 

2061  f 

2437  a 

2275  g 

2320  e 

2218  5 

2080  h 

2077  h 

2516  j 

2300  h 

2365  c' 

2270  d 

2087  i 

2085  i 

2544  h' 

2340  g 

2405  h' 

2295  h 

2102  c 

2104  c 

2578  a 

2365  h 

2427  h 

2338  d 

2138  g 

2613  h' 

2410  g 

2455  d 

2360  5 

2147  g' 

2144  g' 

2655  j 

2420! 

2493  i 

2375  f 

2165  a 

2165  a 

2680  e" 

2473  f, 

2514  c 

23901 

2192  e 

2695  h 

2538  fi' 

2532  e 

2402  1' 

2222  g' 

2718  a 

2564  1 

2563  i 

2432  h 

2232  a 

2732  b 

2573  h 

2590  f 

2473  1' 

2280  g 

2280  g 

2770  i 

2590  f 

2602  e 

2505  h 

2290  g' 

2799  b' 

2605  fi' 

2622  g 

2527  1 

2307  a 

2811c 

2620  g 

2633  i 

2550  d 

2320  c' 

2820  e" 

2627  g' 

2660  f 

2570  5 

2352  g 

2835  h 

2632  i 

2677  fi 

2585  f 

2372  a 

2875  b 

2655  c' 

2703  1 

2595  1 

2405  e 

2903  h 

2660  f 

2707  h 

2618  d 

2428  g' 

2427  g' 

2928  a 

2675  fi' 

2722  c 

2626  e 

2460  c' 

2945  b 

2680  f  1 

2732  f 

2635 

2480  e' 

2965  h' 

2688  g 

2738  d 

2649  X 

2500  g' 

24981 

2975  h 

2703  1 

2755  h' 

2655  f 

2530  c' 

3010  b' 

2713  h 

2770  c, 

2660  k 

'  No  letters  assigned. 
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Table  IV. — continued. 


Cetium  Uranyl  SnlidiAte. 

Strontiiim  Unmyl  Acetate. 

Sodium 

B.  ValtMB      1       N.  &  H. 
of              Values  of  i/X, 
i/X.              p.  i75t  178. 

B.  Valnee 
of 
i/X. 

N.  ftH. 

Values, 

p.  160, 166. 

Copper 
Unmyl 
Acetate. 

Mercury 
Unmyl 
Acetate. 

Rubidium 
Unmyl 
Nitrate. 

2543  e              25431 

3020  c 

2728  f 

2780  h 

26701 

2550  e' 

3093  c 

2753  fi 

2799  f 

2680  r 

2568  g'      1      2567» 

27701 

2823  f  I 

2698  e 

2578  1 

2780  h 

2835  g 

2712  h 

2595  c 

2793  c' 

2850  h 

2730  k 

2605  di     ' 

. 

2813  fi' 

2898  h' 

2743 

2615  e             2613* 

2835  g' 

2910  ci 

2750  r 

2626  r 

2850  h 

2921  h 

2755  d 

2643  g' 

2863  c' 

2960  fx 

2770  e 

2675  di 

2876 

2978  ci 

2780  S 

2692  e' 

2903  g' 

3015  f 

2802  k 

2703  g 

2922  h 

3050  ci 

2822  I' 

2726  a 

2934  f 

3170  fi 

2827  d 

2756  e 

2968  g 

2835  e 

2770  g 

3005  f 

2859  X 

2789  i 

3040  g' 

2865  f 

2820 

3068  c' 

2870  k 

2850  g' 

3097  fi 

2898  d 

2874  c 

3168  fi 

2925  h 

2885  di 

2939  k 

2906  e' 

2953 

2920  g' 

2965  d 

2928  i 

2988  S 

2947  c 

3002  X 

2975  e' 

3010  k 

2993  g' 

3028  I' 

30011 

3045  e 

3026  di 

3075  f 

3052  g 

30891 

3068  1 

3118  e 

3133  g' 

3139  X 

3168  di 

3150  k 
3173  r 

approximately.  This  region  is  extended  further  toward  the  long  wave 
lengths  if  credence  is  given  to  the  bands  herein  contained  and  if  these 
bands  are  due  to  absorption,  for,  if  any  point  on  the  plate  containing 
the  fluorescent  material  is  being  excited  to  fluorescence  by  the  absorption 
of  light  of  a  particular  wave-length,  this  absorption  being  due  to  the 
fluorescent  material  itself,  there  is  evidently  a  reversal  wherever  the 
wave-length  of  the  exciting  light  is  equal  to  the  wave-length  of  a  band  of 
the  fluorescence  spectrum.  In  the  tables  there  are  shown  several  bands 
agreeing  well  with  the  bands  of  the  fluorescence  spectra,  i.e.,  as  well  as 
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Table  V. 

Cesium  Uranyl  Chloride, 


B.  Values 
of 
l/X. 

N.  &  H.  Values 

oli/X, 

p.  90-93. 

B.  Values 

of 
i/Xcon. 

N.  ft  H.  Values 
of 

l/X. 

B.  Values 

of 
i/Xcon. 

1785  E,' 

2405  b,' 

2405  bt' 

2788  dt' 

1812  Bi 

1810  Bi 

2409  b. 

2410  bt 

2793  dt 

1828  C 

1828  C 

2415  b, 

2416  b, 

2804  et' 

1845  Di 

1843  D, 

2435  d,' 

2436  dt' 

2810  et" 

1855  D,' 

1854  D,' 

2440  d, 

2441  dt 

2819  b 

1868  E," 

1866  E," 

2455  e, 

2828  bt' 

1906  Ba 

2462  ai' 

2839  b, 

1924  D 

1924  D 

2474  hi' 

2476  bt' 

2850  d 

1950  E," 

1950  E," 

2489  c 

2857  dt' 

1963  A, 

1964  As 

2505  d,' 

2509  dt' 

2865  dt 

1985  Bs 

1985  B, 

2512  d. 

2513  dt 

2874  et' 

1998  Ci 

1998  Ci 

2528  e," 

2530  et" 

2884  et" 

2032  E,' 

2030  E,' 

2543  b,' 

2895  bt' 

2065  c 

2064  c 

2557  b, 

2911c 

2070  d' 

2071  d' 

2572  di'i 

2920  d 

2085  d,' 

2086  d,' 

2586  d, 

2585  dt 

2930  dt' 

2098  e,' 

2100  e,' 

2601  e," 

2940  dt" 

2107  a 

2615  W 

2966  bt' 

2113  b 

2114  b 

2625  b, 

2973  bt 

2131  b, 

2132  b, 

2632  c 

2980  b, 

2137  ci' 

2135  ci' 

2645  d,' 

2984  c 

2147  d 

2146  d 

2650  d, 

2990d 

2162  d," 

2164  d," 

2657  e 

3003  dt 

2185  b 

2184  b 

2665  et" 

2670  et" 

3010  dt" 

2210  d' 

2212  d' 

2675  a 

2674  a 

3020  et" 

2218  d 

2680  b 

3032  b 

2230  di 

2229  d, 

2687  bt' 

3043  bt 

2238  e,' 

2239  e,' 

2693  bt 

3055  c 

2245  e," 

2245  e," 

2702  c 

3062  d 

2263  bt' 

2263  b,' 

2712  d 

3077  dt" 

2297  d,' 

2296  dt' 

2722  dt 

3092  et" 

2310  e 

2310  e 

2730  e 

3102  b 

2315  e, 

2314  et 

2736  et' 

3137  dt' 

2337  b, 

2740  et" 

3155  et' 

2368  dt 

2369  ds 

2748  a 

2388  e," 

2389  e," 

2750  b 

the  precision  of  the  WQrk  warrants.  These  therefore  indicate  more 
reversals  than  have  been  heretofore  obtained,  and  that  the  number  of 
reversals  in  any  one  series  is  not  limited  to  one,  but  may  be  as  great  as 
two  or  three. 

It  is  rather  curious  that  most  of  the  new  reversals  are  on  the  long 
wave-length  side  of  the  ''reversing  region''  as  given  by  Nichols  and 
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Howes.  In  the  cases  of  potassium  uranyl  chloride  and  rubidium  uranyl 
sulphate  none  of  the  reversals  by  this  method  has  been  observed  by  other 
methods.  This  is  true  with  cesium  uranyl  chloride,  excepting  the  series 
Ej''.  The  methods  give  results  that  agree  in  series  F  of  cesium  uranyl 
sulphate.  It  must  be  admitted  however  that  more  data  are  needed  in 
order  to  confirm  or  disprove  the  existence  of  the  new  reverasls.  In  cases 
where  several  photographs  were  made  for  the  same  substance  there  is  a 
close  agreement  between  the  independent  measurements,  so  that  one  is 
convinced  that  the  method  is  capable  of  giving  results  quite  comparable 
with  those  obtained  by  other  methods. 

The  following  table  (VI.)  shows  the  reversals  of  the  bands  in  the 
various  substances  studied.  The  wave  numbers  in  the  first  column  are 
from  Tables  II.  to  V.,  and  those  to  the  right  are  from  the  tables  given 
by  Nichols  and  Howes  on  the  pages  indicated.  Values  in  parentheses 
indicate  that  the  corresponding  band  of  the  fluorescence  spectrum  is 
missing,  or  that  it  is  not  recorded  by  them.  References  are  also  missing 
for  mercury  uranyl  acetate,  sodium  copper  uranyl  acetate,  and  rubidium 
uranyl  nitrate,  and  they  are  therefore  not  included  in  the  table. 

Table  VI. 

Reversals  of  the  Uranyl  Bands, 
Rtreratlt  by  I^Ment  Method.  Rerenali  Obferred  by  Nichols  and  Howm. 


Series 
D 
F 

Barium  uranyl  acetate 

reverses  at    1830   and   2085 
"    2018     ••      2100 

(Pages  161.  167) 
E  reverses  at  2009 

Series 
E 

Potassium  uranyl  chloride 
M    1925 

(Pages  88-101) 

G 

"     1943 

(H) 
(I) 

F* 
C 

'•  (1862)    ••     (2032) 
•*  (1805)    ••    (1888)  and  (1975). 
Lithium  uranyl  acetate 
reverses  at  1852  and  1938 

(Pages  158.  164) 

F'  at  2105  reverses  approximately  with 
fat  2109. 

D 

D 
H 

"  2005    ••     (1924) 
Strontium  uranyl  acetate 
reverses  at  2000 
*•  2050 

(Pages  160.  166) 

E 

Uranyl  acetate 
reverses  at  1788 

(Page  449) 

F' 

•*  1803 

G 

••  1820.  1988  and  2075 

H 
B 

**  1913  (2088) 
•*  1860.  2028 

E 

••   1965 

C 

••  2039 

F' 

••  2053 
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Table  VI.- 

-continued. 

Cesium  iiranyl  chloride 

(Pages  88-101) 

Ej" 

reverses  at  (1785),  1868,  1950. 

2032 

B     reverses  at  1974 

B 

..    1812 

C           ••        "  1993 

C 

••     1828 

D           '•         ••  2005 

D' 

*•     1845 

E           "         '•  2026 

D,' 

**     1855 

A           *'         "  2037 

D 

"     1924 

Ej'         ••         •'  2030 

At 

*•     1963 

Es"        •*         "  2034 

B, 

"     1985 

Ci 

-     1998 

Ai 

reverses  at  1787 

B   reverses  at  1969 

Ci 

"  1815 

C         "         *'  1984 

Et' 

••  1943 

D         "         "  2004 

Cj 

**  1987 

E         "         ••  2022 
As        "         ••  2039 

Potassium  uranyl  nitrate 

(Page  139) 

D 

reverses  at  1794 

I 

"  1824 

B 

"  1862 

E 

••  1976 

J 

••  2007 

F 

"  2069 

Cesium  uranyl  sulphate 

(Pages  173.  178) 

E 

reverses  at  1795 

F  reverses  at  2061 

G 

"  1815,  (1903) 

B 

"  1845 

C 

••  1864 

I 

"  1915 

D 

**  1952 

H 

"  1990 

F 

"   2063 

Rubidium  uranyl  sulphate 

(Pages  174.  178) 

I 

revei'sesat    1810 

El  reverses  at  2028 

A' 

••  (1822).  1907.  1990 

F         "        •'  2038 

C 

••     1842.    2012 

Gi        *•        "  2045 

F 

••     1872.    1957 

E 

..     j94g 

G         •'         "  2049 
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Summary. 

Fluorescence  is  excited  by  wave-lengths  of  light  between  550  m/x  and 
200  m/i,  approximately.  The  intensity  and  range  of  excitation  depends 
upon  the  substance. 

There  are  three  types  of  excitation  observed : 

1.  Continuous,  but  variable  in  intensity,  between  550  and  200  m/x- 

2.  Continuous,  but  variable  in  intensity,  between  550  and  350  m/x. 

3.  Discontinuous,  exhibiting  a  gap  between  350  and  325  m/ii  otherwise 

like  type  i. 
The  range  of  the  absorption  spectra  of  twelve  uranyl  salts  is  extended 
to  550  m/i  and  to  320  m/x  by  the  method  herein  discussed,  a  method 
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which  makes  use  of  the  fluorescence  excited  by  dispersed  ultraviolet 
light,  observing  that  wherever  greater  absorption  takes  place  greater 
fluorescence  results  therefrom. 

It  is  desirable  to  continue  the  work  on  the  uranyl  salts  by  this  method, 
especially  in  the  reversing  region,  because  it  is  here  that  information 
can  doubtless  be  obtained  about  the  real  mechanism  of  fluorescence. 

The  gap  at  350  to  325  m/x  in  case  of  a  few  substances  noted  is  rather 
curious.  No  explanation  is  given,  but  further  study  of  this  type  of 
excitation  is  desirable.  It  was  observed  that  one  of  the  uranyl  com- 
pounds, namely  sodium  uranyl  cobalt  acetate,  appeared  to  the  eye  to 
give  this  type  of  excitation,  but  it  was  not  studied  photographically 
because  of  the  relatively  weak  fluorescence  produced. 

The  writer  wishes  to  express  his  gratitude  to  Professor  Ernest  Merritt 

under  whose  guidance  this  work  has  been  performed. 

Physical  Laboratory, 
Cornell  University. 
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SPECTRA   OF    HYDROGEN,    NITROGEN    AND    OXYGEN    IN 
THE  EXTREME  ULTRAVIOLET. 

By  J.  J.  HopFisLD. 

Synopsis. 

Spectroscopy  of  Extreme  Ultraviolet, — ^A  method  which  has  been  developed  of 
coating  films  with  an  emulsion  suitable  for  work  in  this  region  is  described  in  detail, 
and  also  an  oil-cooled  discharge  tube  of  the  internal  capillary  type  which  will  stand 
an  input  of  2.25  KW  and  thus  reduce  the  time  of  exi)osure  and  consequent  fogging 
of  the  films  from  10  to  100  fold.  Transparency  of  oxygen,  nitrogen  and  air  between 
500  and  1,800  A.  was  investigated.  In  a  vacuum  spectrograph  with  a  grating 
of  50  cm.  radius  these  gases  were  found  to  transmit  light  of  from  iioo  to  1225  A. 
even  when  at  a  pressure  of  3  cm.  At  around  i  mm.  spectrum  lines  were  photo- 
graphed from  800  to  1.800  A.  and  with  oxygen  at  o.ooi  mm.,  the  spectrum  was 
photographed  to  430  A.  These  gases,  then,  are  not  as  opaque  to  light  in  this 
region  of  the  spectrum  as  has  been  generally  supposed. 

Spectrum  of  discharge  through  hydrogen,  1,220  to  885  A.  The  ultraviolet  limit  is 
the  same  for  both  continuous  and  disruptive  discharges.  Four  spectrograms  are 
reproduced  and  the  wave-lengths  are  given  for  90  lines  below  1.059  A.,  presumably 
due  to  hydrogen,  as  a  continuous  stream  of  pure  gas  was  supplied.  The  resonance 
line  was  found  superimposed  in  the  fourth  order  on  the  H/i  line;  hence  its  wave- 
length is  1,215.68  ±  0.03  A.  This  coincidence  confirms  the  Bohr  formula  for  this 
line,  which  is  the  first  of  the  Lyman  series. 

Spectrum  of  Discharge  through  Nitrogen,  1,750  to  835  A. — The  continuous  discharge 
gives  chiefly  the  band  spectrum  of  nitrogen,  which  is  extended  to  1,026  A.,  the 
wave-lengths  of  19  bands  below  1,385  A.  being  given.  The  wave-lengths  of  50 
new  lines  obtained  with  the  disruptive  discharge  are  also  given  and  four  spectrograms 
are  reproduced. 

Spectrum  of  Discharge  through  Oxygen,  1,863  to  507  A. — ^Wave-lengths  of  about 
100  new  lines  obtained  with  a  disruptive  discharge  are  given  and  six  spectrograms 
are  reproduced.  When  mercury  vapor  was  present  about  15  additional  lines  extending 
to  433  A.  were  obtained. 

Explanation  of  fluorescence  observed  around  aluminum  spark  in  air  by  Lenard  in 
1910,  to  a  distance  of  4  cm.,  may  depend  on  the  transparency  of  air  to  light  of 
wave-length  1,000  to  1,400  A. 

Introduction. 

IT  has  long  been  assumed  by  investigators  in  the  extreme  ultraviolet, 
that  most  gases,  and  especially  oxygen  are  opaque  in  this  region. 
As  a  consequence  it  was  believed  that  it  was  practically  impossible  to 
study  the  ultraviolet  spectrum  of  oxygen  under  the  conditions  which 
usually  exist  in  a  vacuum  grating  spectrograph.  About  a  year  ago,  the 
author,  supposing  oxygen  to  be  opaque,  attempted  to  get  its  spectrum 
by  using  two  gases,  the  one  hydrogen  and  the  other  oxygen.  These  gases 
were  kept  localized,  the  opaque  one  filling  only  the  discharge  tube,  and 
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the  transparent  one,  hydrogen,  the  receiver.  This  was  accomplished  by 
suitably  directing  the  two  currents  of  gas.^  The  method  was  successful 
and  suggested  that  after  all  oxygen  might  be  transparent  in  the  extreme 
ultraviolet.  Following  up  this  experiment  was  another  in  which  both 
receiver  and  discharge  tube  were  filled  with  oxygen,  and  in  this  case  an 
extensive  spectrum  was  obtained.*  The  spectrum  of  air  also  was  ob- 
tained. This  of  course  was  expected  in  view  of  the  transparency  of 
nitrogen  to  975  as  found  by  Lyman,'  and  the  now-established  fact  of  the 
transparency  of  oxygen  in  this  region. 

There  seems  to  be  no  especial  difficulty,  once  the  ultraviolet  technique 
is  acquired,  in  getting  the  spectrum  of  oxygen,  and  thus  showing  its 
transparency  by  obtaining  its  spectrum  in  the  ordinary  manner.  In  the 
progress  of  this  research  equipment  was  developed  which  when  applied 
to  the  spectra  of  hydrogen  and  nitrogen  yielded  results  that  extended 
the  spectra  of  these  two  gases.  Other  points  of  significance  regarding 
these  spectra  were  also  brought  out,  hence  these  spectra  as  well  as  those 
obtained  with  oxygen  will  be  described  in  this  paper. 

Apparatus. 
Most  of  the  apparatus  used  was  that  ordinarily  employed  by  investi- 
gators in  this  region  of  short  wave-lengths,  that  is:  a  vacuum  grating 
•spectrograph,  the  necessary  vacuum  pumps,  mercury  traps,  pressure 
gauges,  generators  for  the  gases  used,  driers,  etc.  The  spectrograph, 
designed  by  E.  P.  Lewis  and  built  in  the  department  shop,  consists  of  a 
sector-shaped  cast  brass  box  and  holds  at  the  smaller  end,  a  concave 
grating  of  50  cm.  radius  of  curvature.  This  grating  is  of  exceptionally 
fine  quality.  Within  the  larger  end  is  a  film-holder  carried  on  a  movable 
stage.  This  stage  may  be  raised  or  lowered  by  rotation  of  a  screw 
through  a  ground-glass  joint,  so  that  several  exposures  may  be  taken  on 
the  same  film.  This  large  end  is  also  fitted  with  a  broad  flange  against 
which  the  heavy  glass  lid  is  pressed.  The  plates  were  examined  and 
measured  on  a  Gaertner  20  cm.  comparator.  This  comparator  is  the 
property  of  the  Rumford  Committee  of  the  American  Academy  of 
Sciences,  and  was  kindly  loaned  to  the  author  by  R.  T.  Birge  for  whose 
use  the  instrument  was  built.  Furthermore,  in  order  to  fulfill  the 
particular  requirements  of  the  research  it  became  necessary  to  develop 
a  special  film  for  obtaining  the  photographs,  and  also  a  special  discharge 
tube  as  the  source  of  light.     Since  these  last-mentioned  articles  of  equip- 

»  Physical  Review,  18,  327,  1921. 

*  Science,  54,  553,  1921. 

*  Astrophysical  Journal,  43.  89.  1916. 
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ment  may  be  found  useful  to  other  investigators,  they  are  fully  described 
in  the  next  few  paragraphs. 

Films. — The  plates  developed  by  Schumann  could  not  be  used  to  the 
best  advantage  on  account  of  the  large  curvature  of  the  focal  field  em- 
ployed. Hence  to  obtain  the  spectrum  in  many  orders  in  sharp  focus, 
films  sensitive  to  the  ultraviolet  were  made.  The  method  of  making 
them  is  as  follows: 

Unexposed  commercial  films  of  the  desired  width  are  soaked  in  a  solu- 
tion of  sodium  thiosulfate  until  the  emulsion  is  just  dissolved.  These 
films  are  then  washed  for  three  or  four  hours  in  running  tap  water, 
rinsed  in  distilled  water  and  then  dried. 

Individual  trays  for  the  films  are  prepared  as  follows:  Pieces  of  thin 
glass  are  cut  one  centimeter  narrower  and  one  centimeter  shorter  than 
the  films  to  be  prepared.  (Old  photographic  plates  from  which  the  gela- 
tine had  been  removed  were  used.)  These  glass  strips,  when  fitted  with 
two  glass  cross-pieces  each,  constitute  the  trays.  These  cross-pieces  or 
feet,  in  order  to  hold  the  trays  level  on  a  levelled  surface,  are  most  con- 
veniently made  by  drawing  off  pieces  of  round  glass  tubing,  and  labelling 
each  pair  of  adjacent  pieces  with  the  same  number  by  means  of  a  file. 
The  glass  plate  is  then  slightly  warmed  and  a  pair  of  these  feet  is  stuck 
to  it  with  warm  red  wax,  care  being  taken  to  press  them  in  contact  with 
the  plates.  The  spacing  of  the  feet  may  be  such  as  to  divide  the  glass 
plate  into  segments  of  about  the  following  ratios,  i  :  2  :  i.  The  diameter 
of  the  tubing  employed  may  be  any  convenient  one;  about  5  millimeter 
for  a  4  X  15  cm.  plate  is  found  satisfactory.  To  avoid  disturbances 
due  to  surface  tension,  the  shoulders  of  these  short  rods  should  not  extend 
as  far  out  as  the  edge  of  the  trays.  Mats  of  filter  paper  are  cut  to  the 
size  of  the  trays. 

The  trays  with  their  mats  (as  many  trays  as  films)  are  then  mounted 
on  a  levelled  table  of  glass.  A  good  piece  of  window  glass  serves  very 
well  for  this  purpose  if  the  films  are  not  too  large,  otherwise  plate  glass  is 
recommended.  The  mats,  now  on  the  trays,  are  each  wetted  with  dis- 
tilled water,  about  10  c.c.  being  used  for  each  4x15  cm.  mat.  The  films 
of  the  desired  size  are  wetted  in  distilled  water  and  placed  upon  the 
mats  with  the  former  emulsion  side  downwards.  The  following  opera- 
tions must  now  be  carried  out  in  a  photographic  dark  room  in  brown 
light.  The  emulsion  (a  note  on  its  preparation  is  given  in  a  succeeding 
paragraph)  about  20  c.c.  per  5  x  16  film,  is  poured  from  a  pipette  over 
the  film.  If  the  emulsion  does  not  immediately  cover  the  film,  it  may 
be  spread  evenly  by  means  of  the  pipette  stem,  and  a  little  more  added 
to  replace  any  emulsion  lost  in  the  operation.     The  emulsion  is  then 
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allowed  to  settle  for  three  or  four  hours  after  which  time  it  is  carefully 
drained  oflf,  the  films  stripped  from  the  paper  and  hung  up  to  dry. 

For  assistance  in  draining,  a  rail  of  small  glass  tubing  is  waxed  to  the 
left-hand  edge  of  the  glass  table,  and  a  small  glass  rod,  "L ''-shaped,  is 
used  to  catch  the  feet  of  the  trays  in  order  to  pull  them  around  to  this 
tripping  rail.  These  feet  also  serve  as  handles  while  removing  the  films. 
To  pin  up  the  films  for  draining  and  drying,  it  is  convenient  to  have  a 
horn-tipped  tweezers  with  a  longitudinal  groove  cut  on  the  outside  of 
one  of  the  tips  and  this  channel  to  end  in  a  transverse  notch  across  both 
tips,  so  that  the  groove  is  towards  the  operator  and  the  notch  uppermost 
when  the  film  is  held  by  the  tweezers  in  the  right  hand.  Then  pinning, 
even  in  the  dark,  is  a  simple  matter,  and  there  is  little  danger  of  either 
dropping  or  marring  the  film  in  the  process.  It  is  detrimental  to  the 
film  to  grasp  it  with  the  tweezers  too  soon  after  beginning  to  drain  for 
the  reason  that  the  undrained  liquid  forms  a  surface  skin  over  the 
emulsion;  a  slight  contamination  from  the  tweezers  ruptures  this  skin 
and  as  a  result  a  streak  may  extend  the  entire  length  of  the  film.  To 
avoid  this  and  at  the  same  time  save  a  minute  in  this  preliminary  draining, 
one  may  have  three  or  four  trays  at  the  tripping  rail  inclined  on  corks, 
and  they  then  will  be  well  drained  when  needed.  When  the  films  are 
thoroughly  dried,  they  are  warped  with  emulsion  side  inward  and  then 
placed  on  edge  in  boxes  for  storage.  The  sides  of  these  boxes  should 
have  been  fitted  with  corrugated  filter  paper  so  as  to  hold  the  films 
separated  and  in  place.  In  this  manner  a  number  of  films  may  be  packed 
into  each  box.  These  smaller  boxes  may  be  put  into  a  larger  one  and 
thus  the  films,  now  provided  with  twofold  cover,  are  well  shielded  from 
light. 

The  advantage  of  having  warped  films  is  evident  when  one  is  using 
them,  for  if  by  accident  one  is  dropped  onto  the  floor  it  always  alights  on 
its  back;  other  advantages  are  easy  storage,  ready  adaptability  for 
mounting,  for  measurement,  or  for  reproduction. 

The  method  described  above  is  readily  adaptable,  with  only  slight 
modification,  to  making  plates.  Evidently  the  process  is  not  one  of 
delicate  technique,  for  if  one  plate  or  film  is  spilled  the  rest  are  unharmed, 
and  even  it  is  not  spoiled  for  the  wet  mat  keeps  its  bottom  dry  of  emulsion. 

One  may  use  any  ordinary  commercial  developer  if  diluted  three-  or 
fourfold  with  cold  tap  water.  It  may  be  used  at  room  temperature. 
Fresh  films  are  not  sensitive;  they  become  so  in  about  a  week,  and  then 
seem  to  increase  in  sensitiveness  with  age. 

In  the  preparation  of  emulsion,  the  method  devised  by  Schumann^ 
was  employed  with  a  few  modifications,  namely ;  a  good  quality  of  French 

*  Baly,  "Spectroscopy,"  p.  375. 
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pastry  gelatine  was  used  instead  of  Nelson's  number  one  as  recommended 
by  Schumann,  and  only  50  to  60  per  cent,  as  much  as  used  by  him,  and 
the  sensitizing  temperature  was  varied  between  60  and  40°  C. 

The  films  thus  made  proved  very  satisfactory  in  getting  the  spectrum 
of  oxygen.  They  were  less  satisfactory  for  the  spectrum  of  air,  and 
failed  almost  completely  on  account  of  fogging  when  a  long  exposure  was 
used  in  an  attempt  to  extend  the  spectrum  of  nitrogen.  It  soon  became 
evident  that  in  order  to  get  the  spectrum  of  any  gas  that  easily  ionizes 
or  forms  corrosive  compounds  that  attack  the  film,  a  short  exposure, 
much  less  than  an  hour  would  be  necessary.  At  a  given  pressure,  the 
amount  of  fogging  seems  to  increase  rapidly  with  the  time  of  exposure 
whatever  the  strength  of  the  current  might  be.  (It  may  be  stated  that 
my  observations  confirm  those  of  Lyman,  in  that  there  seems  to  be  for 
minimum  fogging  a  certain  nice  balance  between  the  current  density,  the 
capacity  and  induction  in  the  circuit,  and  it  may  be  added  the  heat 
produced  in  the  discharge  tube.  With  such  adjustment  an  exposure  of 
two  hours  in  oxygen  at  0.04  mm.  pressure  gave  no  appreciable  fog  on  the 
film.)  Hence  a  more  intense  source  of  light  was  needed,  and  a  continuous 
input  of  more  than  200  watts  would  soon  destroy  an  ordinary  tube  of 
the  internal  capillary  type.  Thus  to  meet  the  need  of  this  greater  power 
capacity  for  producing  a  more  intense  light,  an  oil-cooled  tube  such  as 
shown  in  the  figure  was  designed  and  used. 

Discharge  Tube. — Description  of  the  figure.  A  opens  into  the  receiver 
of  the  vacuum  grating  spectrograph,  B  is  an  outlet  to  the  pumps,  the 
kerosene  oil  used  for  cooling  is  pumped  in  at  C  and  leaves  at  D,  E  repre- 


Fig.  1. 

sents  an  inlet  for  gases  if  one  wishes  to  use  it.  The  capillary  constriction 
is  a  safeguard  against  any  of  the  drying  chemicals  being  forced  into  the 
discharge  tube  by  any  sudden  rush  of  gas.  F  is  a  cylindrical  electrode 
in  contact  with  the  glass  and  is  thus  cooled  by  it.  A  quartz  window  is 
at  G.  This  is  used  for  getting  the  quartz-mercury-arc  comparison  spec 
trum.    The  tube  is  made  of  pyrex,  has  a  total  length  of  23  centimeters, 
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and  is  represented  approximately  to  scale.  This  tube  was  found  to  have 
a  power  capacity  of  about  2.25  kw.  It  reduced  the  time  of  exposure  from 
one  or  two  hours  to  as  many  minutes  and  hence  satisfactorily  solved  the 
problem  of  fogging. 

Method. 

The  film  is  placed  in  the  receiver.  A  piece  of  heavy  plate  glass  with  a 
border  of  especially  prepared  rubber  grease  is  pressed  over  the  opening 
and  the  oil  pump  started.  After  a  half  hour  the  pressure  in  the  receiver 
is  reduced  to  0.04  or  0.05  mm.  The  receiver  is  then  rinsed  with  a  small 
quantity  of  the  dried  gas  to  be  studied,  and  4  or  5  cm.  of  the  gas  admitted 
and  allowed  to  stand  for  an  hour  in  order  to  "season"  the  film,  for  this 
shrinks  somewhat  on  being  exposed  to  the  dry  atmosphere  of  the  receiver. 
The  gas  is  then  pumped  out,  and,  while  the  spectrum  is  being  photo- 
graphed, a  steady  stream  of  gas  is  kept  flowing  through  the  receiver  into 
the  discharge  tube,  leaving  via  B  to  the  pumps.  Since  the  average  ex- 
posure is  but  two  or  three  minutes  per  spectrum,  this  may  easily  be  done 
without  using  a  prohibitive  quantity  of  gas.  By  properly  adjusting  the 
intake  and  rate  of  pumping  the  pressure  in  the  receiver  may  be  kept 
at  any  desired  steady  value  and  at  the  same  time  a  fast  circulation 
maintained.  When  low  working  pressures  are  desired  in  the  receiver,  a 
mercury  condensation  pump  is  used,  and  a  mercury  trap  cooled  with 
liquid  air  keeps  the  mercury  vapor  out  of  the  receiver.  It  is  also  neces- 
sary when  working  at  low  pressures  to  admit  the  gases  through  long 
capillary  tubes. 

Description  of  Plates. 

All  the  photographs  described  below  are  reproduced  in  Plates  I.  and 
II.,  but  necessarily  many  details  are  lost  in  the  reproduction.  It  is 
hoped,  however,  that  most  of  the  essential  features  will  be  evident. 

Plate  /.,  Figures  i  and  2. — Hydrogen,  direct  current  320  milliamperes, 
3  mm.  pressure,  circulation,  2  minutes*  exposure.  This  film  shows  some 
of  the  series  lines  of  hydrogen.  The  resonance  line  is  shown  in  four 
orders.  It  is  evident  that  a  large  current  density  brings  out  the  series 
lines  in  the  ultraviolet.  This  resonance  line  is  shown  self-reversed  in  the 
three  higher  orders,  and  in  the  fourth  order  the  self-reversed  portion  co- 
incides exactly  with  the  sharp  line  H^  of  the  Balmer  series.  Hy  and  H^ 
also  appear  on  the  prints.  This  coincidence  of  the  resonance  line  with 
Hfi  at  once  furnishes  not  only  an  accurate  determination  of  the  wave- 
length of  the  former,  namely,  one  fourth  of  that  of  H^,  but  also  checks 
its  value  as  derived  on  the  Bohr  theory.  The  first  statement  is  stiictly 
valid  because  the  spectra  are  obtained  under  practically  vacuum  condi- 
tions, hence  the  wave-lengths  as  found  by  coincidence  of  orders  need  not 
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be  modified  for  the  varying  dispersion  of  the  medium.  The  accuracy  of 
the  application  of  the  Bohr  theory  to  this  resonance  line  may  be  seen 
by  comparing  the  formula  for  its  frequency  with  that  giving  the  frequency 
number  of  Hp.    The  first  is  given  by 

.  and  the  last  by 

Hence  one  fourth  the  frequency  number  of  the  first  is  exactly  the  fre- 
quency number  of  the  second.  Thus  the  coincidence  of  the  first  order 
of  the  one  line  with  the  fourth  order  of  the  resonance  line,  as  the  theory 
would  predict,  has  been  found. 

The  wave-length  of  Hp  as  found  by  Curtis^  and  reduced  to  vacuum  is 
4862.677  A.  on  the  International  System.  Hence  the  wave-length  of 
the  resonance  line  is  1215.68A.  Owing  to  the  unusually  favorable  con- 
ditions of  observation,  that  is,  a  sharp  line  occurring  in  the  middle  of 
the  reversed  portion  of  a  more  diffuse  line,  it  is  thought  that  the  probable 
error  in  this  determination  is  about  0.02  or  0.03  A.  This  indicates  that 
the  value  attributed  to  this  line  by  Lyman  is  too  high  by  0.3  A.,  and  that 
the  value  used  by  Millikan  is  more  nearly  correct.  It  is  safe  to  assume, 
in  the  opinion  of  the  author,  that  the  best  values  of  the  other  lines  of 
the  Lyman  series  are  likewise  the  theoretical  ones.  Thus  the  first  three 
that  have  been  found  by  Lyman  and  which  also  occur  on  our  plates  (see 
Plate  II.,  12;  Table  VI.)  have  the  following  wave-lengths  1215.68, 
1025.73,  and  972.54  A.  These  lines,  which  are  readily  obtained,  may  be 
used  as  standards  in  the  ultraviolet  where  up  to  the  present  none  have 
been  established  with  an  accuracy  exceeding  o.i  A. 

Figure  j. — Hydrogen,  direct  current,  320  milliamperes,  circulation, 
8  minutes*  exposure.  This  shows  the  extension  of  the  secondary  spectrum 
of  hydrogen  to  885.6  A.  The  wave-lengths  are  recorded  in  Table  I. 
Some  of  the  lines  recorded  by  Lyman^  are  also  shown  for  the  sake  of 
comparison.  (The  wave-lengths  in  this  table  and  subsequent  ones  were 
not  measured  in  the  expectation  of  great  accuracy.  It  is  hoped,  however, 
that  the  individual  values  will  be  found  accurate  to  at  least  i  A.)  The 
continuous  spectrum  of  hydrogen  mentioned  by  Lewis^  is  shown  on  this 
plate  in  the  region  between  1680  and  1950  A. 

*  Proceedings  of  the  Royal  Society  of  London,  A  90,  605,  1914. 

*  "Spectroscopy  of  the  Extreme  Ultra-violet,"  p.  112. 
'Science,  51,  947,  1915;  Physical  Review,  16.  376,  1920. 
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Table  I. 

Hydrogen, 


X. 

I. 

X. 

I. 

X. 

I. 

885.6 

955.3 

4 

1006.1 

3 

889.2 

956.1 

1 

1006.4 

4 

892.5 

957.7 

2 

1007.9 

4 

895.3 

959.4 

1 

1009.6 

2 

903.1 

960.5 

2 

1011.0 

3 

905.3 

962.5 

1 

1012.4 

4 

906.7 

963.5 

3 

1013.4 

1 

908.9 

1 

964.8 

1 

1014.6 

1 

911.5 

2 

968.9 

1 

1016.2 

5 

912.7 

1 

969.8 

2 

1017.3 

4 

916.9 

3 

970.9 

4 

1018.6 

4 

917.8 

2 

971.8 

1 

1021,3 

3 

919.9 

4 

975.4 

1 

1023.9 

4 

921.1 

1 

977.2 

8 

1025,8 

8 

922.4 

2 

978.8 

8 

1027.3 

3 

924.3 

3 

981.9 

5 

1029.4 

2 

927.4 

2 

984.4 

1 

1031.0 

928.8 

2 

985.2 

2 

1034.6 

929.5 

2 

989.0 

3 

1035,5 

4 
1 

932.0 

2 

989.9 

2 

1036.9 

4 

935.6 

5 

991.1 

3 

1040.4 

7 

941.9 

1 

992,0 

3 

1044.7 

942.6 

1 

993.8 

1 

1045.5 

944.3 

1 

995.9 

2 

1047.1 

946.2 

3 

997.1 

2 

1048.0 

949.8 

2 

998.4 

1 

1049.2 

950.6 

2 

999.4 

1 

1051.2 

951.9 

4 

1001,4 

4 

1053.1 

952.9 

2 

1002.3 

4 

1056.1 

954.4 

4 

1004.4 

3 

1059.2 

* 

Figure  4, — Hydrogen,  disruptive  discharge,  0.02  mm.  pressure,  circula- 
tion, 20  minutes*  exposure,  mercurx'  arc  spectrum  superimposed.  No 
extension  of  the  ultra\'iolet  spectrum  is  observed  under  these  conditions. 
The  lines  at  X  835,  and  X  900  and  many  of  the  strong  lines  that  appear 
throughout  the  entire  sp>ectrum  are  due  to  air. 

figure  5. — Nitrogen,  direct  current  324  milliamperes,  3  mm,  pressure, 
circulation,  2  minutes'  exposure.  Table  II.  This  spectrum  is  found 
to  be  principally  a  band  spectrum  extending  to  X  1025.8,  but  many 
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Table  II. 

Nitrogen,  Direct  Current. 


line  Spectra  with  D.C. 

Lyman, 
X. 

Bands  Degrading 

towardaKed, 

X. 

Bands  Degrading 

X.                              I. 

towards  the  Violet, 
X. 

1329.5         1              3 

1054.5 

1025.8 

1412.4                       3 

1164.3 

1033.3 

1493.2 

6 

1492.8 

1183.6 

1046.7 

1494.7 

5 

1494.8 

1194.3 

1067.0 

1561.1 

6 

1213.9 

1072.7 

1657.2 

6 

1244.2 

1086.0 

1742.9 

6 

1742.7 

1256.0 

1110.4 

1745.3 

5 

1745.3 

1288.7 
1322.7 
1353.7 
1384.7 

1152.2 

lines  also  occur.  Lyman  had  previously  explored  the  band  spectrum 
of  this  gas  to  1385  A.  The  following  evidence  is  offered  showing  that 
this  new  spectrum  is  probably  due  to  nitrogen :  It  does  not  occur  in  either 
hydrogen  or  oxygen  under  the  same  or  under  any  other  conditions,  when 
presumably  the  same  impurities  are  present  in  these  gases  as  in  nitrogen. 
Of  the  line  spectrum,  two  pairs  shown  in  this  table  were  found  by  Lyman^ 
and  the  pair  at  X  1493  was  attributed  to  nitrogen,  while  the  second  pair 
at  X  1743  he  states  with  less  assurance  is  probably  due  to  the  same  gas. 
The  reason  for  this  lack  of  certainty  on  his  part  as  to  the  source  of  the 
above  pair  seems  to  be  the  possible  impurities  that  might  have  been 
torn  from  the  tube  by  the  disruptive  discharge  used  by  him.  THat  this 
pair  is  of  the  same  origin  as  the  first  pair  is  indicated  in  the  present 
experiment  by  the  fact  that  it  is  produced  by  direct  current  in  nitrogen, 
whereas  the  metallic  lines  of  the  electrodes  which  always  occur  when  a 
disruptive  discharge  is  used,  never  occur  in  this  milder  form  of  excitation. 
The  other  lines  shown  in  Table  II.  are  also  probably  due  to  nitrogen. 

That  a  high-current  density,  such  as  used  here,  brings  out  line  spectra 
not  shown  when  smaller  currents  are  used,  is  evidently  due  not  only  to 
the  greater  degree  of  ionization  which  must  necessarily  exist  in  order  to 
carry  the  greater  current,  but  also  to  the  greater  degree  of  molecular 
dissociation  present  at  the  high  temperature  that  exists  in  the  tube. 

The  near  ultraviolet  and  visible  spectrum  as  far  as  the  green  shown  on 
our  plates  has  not  yet  been  examined  for  new  lines. 

Figure  6. — Nitrogen  disruptive  discharge,  1.5  mm.  pressure,  circulation, 
2  minutes'  exposure.     Table  III.     This  spectrum  is  of  interest  in  that 

*  "Spectroscopy  .  .  .,*'  p.  113. 
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it  shows  that  the  transparency  of  the  gas  at  this  pressure  exists  to  about 
X  800.  In  parallel  columns  in  the  above  table  of  wave-lengths  are  shown 
lines  obtained  by  Lyman*  in  helium.  In  fact  this  table  and  subsequent 
ones  contain  all  the  lines,  except  two  faint  ones,  obtained  by  him  in 
helium.  That  his  lines  are  due  to  air  entering  his  spectrograph  as  an 
impurity,  despite  his  great  care  in  eliminating  such  impurities,  rather  than 
to  helium,  seems  quite  probable. 

Figure  7. — Nitrogen,  disruptive  discharge,  0.02  mm.  pressure,  circula- 
tion, 20  minutes'  exposure.  The  lines  found  by  Millikan*  on  the  re- 
frangible side  of  X  700  and  ascribed  to  this  gas  were  not  found,  perhaps 
owing  to  the  opacity  of  the  gas,  which  seems  even  more  opaque  than 
oxygen  in  this  region. 

Plate  II.,  Figure  8. — Nitrogen,  disruptive  discharge,  3.5  cm.  pressure, 
no  circulation,  2  minutes'  exposure.  This  film  was  taken  in  order  to 
test  the  transparency  of  nitrogen.  It  was  fogged  because  of  the  active 
nitrogen  formed  in  the  discharge  tube  and  which  spread  into  the  receiver. 

Table  III. 

Nitrogen — Disruptive  Discharge. 


X. 

I. 

He^^'x. 

X. 

I. 

Ljniaa, 
X. 

834.9 

2 

834.8 

1328.0 

1 

838.3 

1 

1329.7 

1 

917.2 

2 

916.7 

1331.0 

2 

978.1 

3 

977.6 

1335.3 

15D 

990.8 

2 

990.2 

1343.7 

4 

992.3 

4 

992.0 

1345.5 

3 

1006.8 

1 

1346.6 

3 

1011.0 

2 

1010.6 

1361.0 

1 

1026.4 

2 

1026.0 

1378.1 

1 

1037.7 

4 

1037.0 

1379.3 

1 

1379.5  Al. 

1085.5 

40 

1084.9) 
1086.1) 

1412.3 

4 

1093.8 

1 

1463.6 

1 

1097.9 

3 

1467.6 

1 

1101.3 

4 

1493.1 

8 

1135.3 

4 

1134.7 

1494.9 

7 

1144.1 

2 

1536.2 

1 

1152.7 

1 

1548.2 

1 

1164.8 

3 

1551.0 

1 

1168.4 

1 
1 
1 

4  Doublet 

1561.2 
1573.3 

8 

1 

*  Astrophysical  Journal.  43,  89,  1916. 

*  Proceedings  of  the  National  Academy  of  Sciences,  7,  289,  192 1. 
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Table  III. 

— continued 

• 

X. 

'' 

1 

Lvnum, 
HeUum,  X. 

X. 

I. 

L711UU1, 

1176.0 

20  Complex 

,      1175.5) 
1176.3J 

1574.4 

1 

1184.1 

20 

1590.1 

2 

1189.5 

2 

1593.2 

2 

1191.3 

1 

1611.6 

I 

1611.8  Al. 

1200.4 

15 

1199.8 

1616.1 

1 

1215.7 

15 

1216.0 

1627.5 

2 

1225.5 

8 

1629.1 

2 

1229.0 

6 

1647.5 

3 

1243.5 

4 

1650.0 

4 

1247.8 

3 

1247.9 

1657.2 

8 

1258.9 

1 

1670.5 

1 

1261.7 

1 

1675.8 

6 

1270.3 

2 

1677.8 

2 

1276.0 

10 

1280.6 

1 

1703.5 

1 

1300.6 

1 

1718.5 

1 

1718.3  Al. 

1311.0 

5 

1740.2 

5 

1319.6 

5 

1742.7 

101 

•     1324.2 

4 

1744.9 

8^ 

1326.9 

1 

1747.5 
1751.3 

4J 
6 

From  considerations  of  the  dimensions  of  the  spectrograph  used,  and  the 
pressure  of  the  gas  as  stated  above,  it  is  evident  that  a  layer  of  nitrogen 
4.5  cm.  thick  and  at  atmospheric  pressure  is  easily  transparent  down  to 
1070  A.  More  will  be  said  concerning  this  in  a  subsequent  paragraph. 
Figure  p. — Oxygen,  direct  current  320  milliamperes,  circulation,  3  mm. 
pressure,  14  minutes*  exposure.  This  plate  shows  clearly  the  absorption 
band  of  oxygen  first  observed  by  Schumann.  In  the  neighborhood  of 
X  1300  is  shown  the  transparent  region  whose  less  refrangible  edge  was 
located  by  Lyman^  and  whose  more  refrangible  edge  was  found  by  the 
author  at  about  X  1000.  The  short  wave-lengths  shown  in  the  plate 
are  X  1215.7,  X  1217.7,  X  1302.5,  X  1305.2,  and  X  1306.4.  The  first  is 
the  resonance  line  of  hydrogen  and  the  others  are  probably  oxygen  lines. 
The  last  three  lines  might  easily  be  mistaken  for  a  triplet,  except  for  the 
fact  that  their  relative  intensities  vary  with  the  nature  of  the  discharge 
used.  Thus  with  a  disruptive  discharge  X  1302.5  is  strongest,  while  with 
direct  current  such  as  used  here  it  is  weakest.     The  last  two  probably 

*  "Spectroscopy  of  the  Extreme  Ultra-violet,"  p.  64. 
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form  a  doublet.    The  bands  near  X  1800  are  presumably  CO  and  Oi 
bands. 

Figure  10. — Oxygen,  disruptive  discharge,  1.5  mm.  pressure,  circula- 
tion, 2  minutes'  exposure.    Table  IV.     Besides  the  lines  on  the  more 

Table  IV. 

Oxygen  Disruptive  Discharge. 


. 

I. 

X. 

I. 

1036.8 

5 

1743.1 

5 

1083.7 

4 

1745.7 

4 

1109.7 

4 

1752.3 

3 

1128.4 

8 

1760.9 

8 

1129.4 

5 

1781.4 

7 

1130.3 

4 

1787.0 

7 

1132.3 

10 

1799.7 

4 

1142.1 

5 

1821.9 

3 

1143.8 

7 

1854.7 

6  Al. 

1147.5 

7 

1862.8 

8  Al. 

1149.2 

3 

1158.7 

5 

1167.7 

7 

1168.5 

5 

1189.7 

5 

1215.7 

15 

1217.8 

10 

1277.7 

8 

1302.5 

10 

1305.2 

8 

1306.4 

7 

refrangible  side  of  the  absorption  band  mentioned  above,  most  of  which 
are  probably  due  to  oxygen,  this  spectrum  contains  another  item  of 
interest,  that  is,  a  new  absorption  band  for  oxygen  is  shown  beginning 
at  X  1000  and  extending  towards  the  shorter  wave-lengths. 

Figure  11. — Oxygen,  disruptive  discharge,  0.04  mm.  pressure,  circula- 
tion, 2  hours*  exposure.  Table  V.  Another  type  of  discharge  tube  was 
used  in  obtaining  this  spectrum.  This  film  is  of  especial  interest  because 
it  extends  the  spectrum  of  oxygen  to  X  507.2.^  It  also  shows  that  the 
second  absorption  band  of  oxygen  gradually  fades  away  with  reduced 
pressure.  Even  the  first  band,  that  is,  that  in  the  neighborhood  of 
X  1500  disappears  rapidly  as  the  pressure  is  reduced  so  that  spectrum 

^  Some  of  these  lines  were  found  by  Millikan  and  independently  by  the  author  by  this 
distinctly  different  method. 
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lines  begin  to  appear  throughout  its  entire  extent.  It  thus  becomes 
evident  that  instead  of  oxygen  being  one  of  the  most  opaque  gases  in  the 
Lyman  region,  it  is  perhaps  one  of  the  most  transparent  in  the  more 


Table  V. 

Oxygen,  Disruptive  Discharge. 


X. 

I. 

Millikaii, 

Lyman 
(Hefinm),  X. 

X. 

I. 

Lyman, 

507.2 

1 

507.8 

946.1 

3 

538.1 

1 

954.4 

1 

554.2 

1 

554.2 

962.8 

2 

580.5 

1 

972.3 

1 

972.7 

599.6 

1 

599.5 

599.0 

977.6 
980.2 

10 
3 

977.6 

608.4 

1 

989.9 

10 

610.0 

1 

610.1 

991.5 

10 

616.5 

1 

616.7 

1000.0 

3 

625.0 

1 

625.2 

1006.4 

1 

644.5 

.     1 

644.0 

643.7 

1010.5 

11 

673.3 

1 

1026.0 

5 

685.7 

2 

1028.6 

2 

703.0 

2 

703.1 

702.4 

1037.0 

10 

704.1 

1 

703.5 

1040.61 
1041.8J 

1 

718.9 

3 

718.5 

718.2 

1 

763.5 

1 

1066.3 

5 

764.5 

1 

1085.2 

10 

765.4 

1 

1110.3 

2 

776.2 

1 

1103.71 
11 14.4  J 

1 

787.9 

2 

1 

790.4 

2 

1122.9 

1 

796.9 

•3 

1128.4 

5 

833.7" 

8 

796.8 

1129.6 

2 

834.5 

► 

4 

834.0 

833.4 

1130.4 

2 

835.1 

10 

834.8 

1132.5 

2 

859.0 

5 

1134.8 

10 

879.9 

2 

1139.0 

2 

883.3 

1 

1142.0 

2 

884.3 

1 

1144.1 

3 

889.7 

5 

1147.4 

4 

904.7 

10 

904.6 

1149.2 

1 

916.41 
917.8} 

1149.8 

1 

15 

1151.3 

1 

928.8 

1 

1152.6 

6 

923.9 

3 

1153.9 

2 
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Table  V. — continued. 


X. 

I. 

X. 

I. 

1164.7 

1 

1265.1 

1 

1167.  \ 
1169.0  J 

2 

1267.7 

1 

2 

1269.8 

1 

1175.6 

20 

1272.6 

1 

1183.0 

1 

1275.6 

2 

1184.8 

3 

1277.5 

4 

1193.7 

2 

1280.7 

1 

1194.8 

1 

1286.6 

1 

1197.4 

4 

1288.7 

1 

1200.1 

10 

1290.3 

1 

1206.8 

3 

1295.1 

1 

1209.9 

1 

1296.9 

1 

1215.7 

10 

1299.2 

1 

1218.0 

5 

1222.31 
1225.6J 

1 

1 

12  0.6 

2 

1239.1 

4 

1243.0 

3 

1247.7 

10 

refrangible  part  of  that  region  and  in  the  beginning  of  the  Millikan 
region.  The  table  also  gives,  in  parallel  columns,  the  values  of  the 
wave-lengths  found  by  the  author  in  oxygen,  those  found  by  Millikan 
and  attributed  to  oxygen,  and  those  found  by  Lyman  in  helium.  This 
experiment  strengthens  Millikan's  assertion  that  the  lines  he  observed 
are  oxygen  lines.  Of  course  all  the  lines  recorded  in  the  table  are  not 
oxygen  lines.  Many  are  common  to  the  spectrum  of  nitrogen,  a  few  to 
the  spectrum  of  hydrogen,  and  some  arise  from  the  impurities  in  the 
receiver.  Still  after  the  elimination  of  all  of  these,  it  is  the  opinion  of  the 
author,  that  there  remain  in  the  region  between  X  8oo  and  X  1400  many 
strong  oxygen  lines. 

Figure  12. — Oxygen,  disruptive  discharge,  0.02  mm.  pressure,  circula- 
tion, exposure  i  hour.  It  is  hoped  that  this  plate  will  show  the  short 
wave-lengths  mentioned  above  better  than  Fig.  11.  The  spectrum  is 
not  as  pure  as  the  one  described  above. 

Figure  ij, — Oxygen,  disruptive  discharge,  o.ooi  mm.  pressure,  circula- 
tion, about  30  minutes*  exposure.  Table  VI.  In  this  experiment  the 
mercury  condensation  pump  was  kept  running  and  no  attempt  was  made 
to  keep  the  vapor  out  of  the  receiver  and  discharge  tube.  Since  the 
pressure  indicated  above  was  read  on  a  McLeod  gauge,  it  represents  the 
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Table  VI. 

Ouurring  in  Oxygen  wUh  Mercury  Vapor. 


X. 

I. 

Mimiaui,X. 

433.0 

V.D. 

451.1 

V.D. 

526.0 

1 

525.7 

530.2 

1 

533.5 

1 

558.1 

1 

574.5 

1 

629.8 

2 

629.6 

635.7 

V.D. 

651. 

1 

660.6 

671.8 

3 

691.3 

1 

747.5 

2 

773.0 

2 

788.1 

1 

partial  pressure  of  oxygen  only.  At  this  low  pressure,  many  new  lines 
were  observed  in  the  ultraviolet.  These  new  lines  are  indicated  in 
Table  VI.  Perhaps  mercury  and  oxygen  are  the  principal  sources. 
Even  a  cursory  examination  of  this  plate  shows  that  the  lines  near  X  600 
are  of  intensity  comparable  with  those  of  longer  wave-length.  This 
would  indicate  that  in  a  strong  discharge  in  oxygen  these  short  waves 
are  produced  strongly  with  the  rest,  but  of  course  are  absorbed  before 
they  reach  the  plate. 

Figure  14, — Oxygen,  disruptive  discharge,  i  cm.  pressure,  circulation, 
15  minutes*  exposure.  This  plate  shows  how  transparent  oxygen  is  in 
this  region  of  transmission  below  its  absorption  band.  Another  plate 
was  taken  more  recently  at  2.5  cm.  pressure,  and  15  minutes'  exposure. 
This  latter  shows  practically  the  same  lines  as  the  above  plate  and  with 
only  slightly  diminished  intensity.  Hence  oxygen  in  layers  of  minimum 
thickness  of  3.3  cm.  has  a  narrow  region  of  transmission,  which  includes 
the  wave-lengths  iioo  and  1217.7  A.  It  has  already  been  shown  that 
nitrogen  is  equally  transparent  in  this  region  in  layers  4.5  cm.  thick. 
Hence  air  has  a  remarkable  transparency  in  this  region  of  short  wave- 
lengths, for  if  one  uses  as  the  basis  of  reckoning,  the  proportion  of  oxygen 
and  nitrogen  in  the  air,  it  is  seen  that  the  absorption  equivalent  of  the 
above-mentioned  thicknesses  of  oxygen  and  nitrogen  when  mixed  in  air 
is  a  layer  4.2  cm.  thick.     This  fact  recalls  an  observation  of  Lenard  ^ 

*  Sitz.  Heidelberg  Akad.  d.  Wiss.  Abhand.,  p.  31,  1910. 
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who  detected  a  fluorescence  about  an  aluminum  spark  in  air  that  extended 

to  a  distance  of  4  or  5  cm.  from  the  source.    The  above-mentioned  facts 

of  the  short  waves  of  lengths  1 100-12 18  A.  being  able  to  penetrate  that 

thickness  of  air  would  explain  the  fluorescence.    They  probably  are  not 

the  same  rays  that  penetrated  both  quartz  and  fluorite  as  stated  by  him. 

It  gives  the  author  great  pleasure  to  acknowledge  his  indebtedness 

to  his  teacher  Professor  E.  P.  Lewis,  by  whose  suggestion  this  research 

originated,  and  to  express  his  thanks  to  his  friend  Professor  R.  T.  Birge, 

for  his  many  kind  suggestions. 
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THE  VARIATION  OF  METALLIC  CONDUCTIVITY  WITH 
ELECTROSTATIC   CHARGE.^ 

By  F.  Wennbr,  Nyna  L.  Forman.  and  A.  R.  Lindbbrg. 

Synopsis. 

Variation  of  Metallic  Conductivity  with  Electrostatic  Charge. — ^Last  year  Perkins 
reported  a  positive  result.  His  experiment  has  been  repeated,  using  a  fine  copper 
wire.  0.08  mm.  in  diameter,  in  series  with  a  sensitive  galvanometer,  as  the  insulated 
secondary  of  a  transformer.  The  galvanometer  was  found  to  read  the  same  whether 
the  potential  of  this  wire  was  +  6,000  volts  or  —  6,000  volts  with  reference  to  the 
primary  which  was  grounded.  This  negative  result  shows  that  the  resistance  of 
this  wire  is  changed,  if  at  all,  by  not  more  than  one  part  in  five  million  even  when 
the  potential  gradient  at  the  surface  is  raised  to  about  150,000  volts  (root  mean 
square  value)  per  centimeter. 

REFERRING  to  a  paper  by  Professor  H.  A.  Perkins,  bearing  the 
above  title,  we  quote  as  follows  from  this  journal,  18,  p.  131,  192 1. 

"A  simple  conception  of  metallic  conduction  based  upon  moving 
electrons  seems  to  justify  the  assumption  that  a  negative  charge  should 
increase  the  conductivity  of  a  circuit,  and  a  positive  charge  should 
decrease  it.  This  has  been  tested  as  follows:  A  primary  coil  of  about 
80  turns  was  wound  upon  a  glass  cylinder  inside  of  which  fitted  a  smaller 
cylinder  similarly  wound  as  a  secondary.  The  primary  was  excited 
from  a  6o-cycle  commercial  circuit.  The  secondary  circuit,  carefully 
insulated  throughout,  included  a  moving  coil  galvanometer  and  was  given 
an  alternating  charge  from  one  terminal  of  a  high  tension  transformer 
giving  about  5,700  volts,  the  other  terminal  being  grounded.  The  two 
coils  wound  upon  glass  acted  as  a  condenser,  so  that  a  fairly  large  charge 
could  be  communicated  to  the  insulated  system. 

**In  operation  the  galvanometer  was  not  affected  by  the  charging 
potential,  but  the  induced  alternating  current  caused  a  slight  vibration 
of  the  'spot*  on  the  scale,  and  if  it  reached  too  high  a  value  (say  3 
milliamperes)  produced  a  small  deflection  always  in  the  same  direction, 
and  due,  probably  to  constriction  of  the  helical  portion  of  the  suspension 
system.  If,  however,  the  induced  current  and  the  charging  potential 
were  both  present,  a  deflection  as  high  as  30  scale  divisions  was  obtained, 
which  indicated  a  direct  current  of  about  half  a  micro-ampere.  This 
phenomenon  behaved  in  a  perfectly  regular  and  definite  manner,  and 

*  Published  by  permission  of  the  Director  of  the  Bureau  of  Standards  of  the  U.  S.  Depart- 
ment of  Commerce. 


Digitized  by 


Google 


590  p.   WENNER,  NYNA   L.   PORMAN,  AND  A.  IL  LINDBERG.        [^^ 

reversed  if  the  phase  of  the  charging  E.M.F.  were  reversed  by  interchang- 
ing the  terminals  of  the  transformer.  A  change  of  phase  less  than  iSo** 
produced  proportional  changes  in  the  reading  of  the  instrument." 

An  effect  such  as  that  just  described  would  be  of  sufficient  importance 
to  require  careful  investigation  and  a  modification  of  our  notions  of 
metallic  conduction.  However,  before  considering  an  investigation  to 
establish  quantitative  relations  justified,  we  thought  it  advisable  to 
repeat  the  experiment  to  see  whether  or  not  we  could  observe  an  effect 
of  the  kind  and  order  of  magnitude  claimed. 

That  our  data  might  be  comparable  with  that  previously  obtained, 
care  was  taken  to  use  substantially  the  same  test  current  and  voltage. 
An  exact  duplication  of  conditions  did  not  seem  possible  on  account  of 
the  meagerness  of  the  description,  nor  advisable  on  account  of  the  possi- 
bility of  introducing  disturbing  effects. 

The  test  circuit  was  made  up  entirely  of  copper,  and  had  a  resistance 
of  about  75  ohms.  Of  this  about  60  ohms  was  of  wire  having  a  diameter 
of  .08  mm.  and  so  disposed  as  to  receive  very  nearly  the  same  surface 
charge  as  if  straight  and  at  a  considerable  distance  from  other  con- 
ductors. This  wire  was  silk-covered,  but  presumably  this  did  not  mate- 
rially affect  the  results  obtained.  This  circuit  was  electrically  shielded 
at  all  points  of  mechanical  support.  The  shield  included  the  case  of  the 
galvanometer  and  the  metal  covering  over  the  secondary  winding  of  the 
transformer  supplying  the  test  current,  both  insulated  from  the  circuit. 
The  shield  and  the  test  circuit  were  electrically  connected  through  two 
20-watt,  125-volt  carbon  lamps  symmetrically  located  with  respect  to 
the  galvanometer  so  that  the  shield  and  the  test  circuit  were  always  at 
substantially  the  same  potential  with  respect  to  "ground."  Only  by  this 
or  a  similar  arrangement  was  it  thought  practicable  to  secure  an  effective 
insulation  for  the  test  circuit.  The  transformer  supplying  the  test 
current  had  oil  and  glass  insulation  between  the  primary  and  secondary 
windings  and  a  shield  for  the  primary  winding  as  well  as  for  the  secondary 
winding.  The  shield  for  the  primary  winding  was  connected  to 
''ground."  Inside  the  secondary  winding  and  extending  to  a  con- 
siderable distance  beyond  the  ends  was  a  laminated  iron  core,  the  outer 
laminations  of  which  formed  a  part  of  the  shield  around  the  secondary 
winding.  With  this  double  shield,  and  glass  and  oil  insulation,  we  have 
reason  to  think  there  was  no  appreciable  change  either  in  the  conduction 
or  the  displacement  current  from  one  winding  to  the  other,  with  changes 
in  the  phase  between  the  current  in  and  the  voltage  of  the  test  circuit. 
The  transformer  supplying  the  voltage  to  the  test  circuit  was  a  5,500- 
to  no- volt,  40-to  80-cycle  potential  transformer.     The  no- volt  winding 
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was  connected  to  our  120- volt,  60-cycle  power  circuit,  while  one  terminal 
of  the  5,500-volt  winding  was  connected  to  ground  and  the  other  to  the 
shield  of  the  test  circuit. 

Current  for  the  test* circuit  was  supplied  from  a  small  60-cycle  generator 
located  in  the  laboratory  and  under  the  control  of  one  of  the  observers. 
The  test  current  was  delivered  from  this  generator  to  the  test  circuit  by 
two  transformers  and  regulated  mainly  by  an  inductance  between  the 
generator  and  the  first  transformer,  which  was  of  a  commercial  type. 
The  second  transformer  was  the  one  described  above.  The  test  current 
.  was  approximately  2  X  io~'  ampere,  and  the  sensitivity  of  the  galva- 
nometer was  such  that  a  change  of  lO"'  ampere  gave  a  change  in  the 
deflection  of  1.2  scale  divisions.  During  the  observations,  conditions 
usually  were  sufficiently  constant  so  that  the  deflection  of  the  galvanom- 
eter could  be  read  to  about  half  a  scale  division. 

As  a  result  of  the  alternating  current  there  was  a  broadening  of  the 
image  amounting  to  20  scale  divisions  and  always  a  shift  of  the  position 
of  this  band  with  respect  to  the  position  of  the  image  when  there  was  no 
alternating  current  in  the  circuit.  This  deflection  was  made  small  by 
making  the  "zero"  correspond  approximately  with  the  position  towards 
which  the  image  moved  as  the  result  of  the  dynamometer  action  between 
the  current  in  the  coil  and  the  current  induced  in  the  pole  pieces  and 
core.  When  6,000  volts  were  applied  to  the  test  circuit  there  was 
regularly  a  quick  motion  of  the  coil  amounting  to  about  ten  scale 
divisions,  and  then  a  return  to  zero  in  a  time  corresponding  to  the 
deflection  period  of  the  galvanometer.  The  reason  for  this  was  not 
obvious,  but  as  it  in  no  way  interfered  with  the  observations,  we  saw  no 
reason  for  being  especially  concerned  about  it.  A  sectored  disk  on  the 
fly  wheel  of  the  generator,  illuminated  by  a  metal  filament  lamp  con- 
nected to  the  power  system,  furnished  a  stroboscopic  means  of  showing 
relative  changes  in  the  phase  of  the  current  in  and  the  voltage  of  the 
test  circuit. 

During  the  experiment  the  generator  supplying  the  test  current  was 
run  just  slightly  above  or  just  slightly  below  synchronism  with  the  power 
circuit  so  that  there  was  a  gradual  shift  in  the  phase  between  the  voltage 
of  and  current  in  the  test  circuit.  During  the  observations,  usually  the 
time  required  for  a  shift  of  one  cycle  was  between  5  and  10  seconds  or 
approximately  the  same  as  a  free  period  of  the  galvanometer. 

Observations  consisted  in  noting  changes  in  the  phase  and  looking 
for  corresponding  changes  in  the  deflection  of  the  galvanometer.  How- 
ever, no  changes  in  the  deflection  of  the  galvanometer,  that  is  of  the 
band  image,  corresponding  with  changes  in  the  phase  could  be  detected. 
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If,  therefore,  the  observations  are  reliable,  we  may  conclude  that  when 
the  potential  of  a  practically  straight,  .08  mm.  diameter,  copper  wire, 
is  changed  from  +  6,000  volts  to  —  6,000  volts,  its  resistance  is  changed, 
if  at  all,  by  not  more  than  about  one  part  in  5  million,  or  not  more  than 
two-tenths  per  cent,  of  that  reported  for  the  original  experiment. 

While  the  two  experiments  probably  differ  considerably  in  detail, 
they  seem  to  be  fundamentally  the  same.  There  should,  however,  have 
been  a  difference  in  the  magnitude  of  the  effect  observed  if  the  explanation 
given  is  correct,  for  the  following  reason.  In  the  original  experiment 
only  that  part  of  the  test  circuit  having  a  small  part  of  the  resistance 
was  so  disposed  that  it  could  have  had  a  high  potential  gradient  at  the 
surface,  and  that,  for  the  most  part,  only  on  one  side  of  the  wire,  which 
presumably  was  larger  than  .08  mm.  in  diameter.  In  our  experiment  the 
potential  gradient  at  the  surface  of  the  .08  mm.  diameter  wire  was  about 
150,000  volts  (root  mean  square  value)  per  centimeter.  The  surface 
charge  was  therefore  about  as  large  as  could  have  been  obtained  in  air 
without  special  precautions,  with  reasonable  assurance  that  there  was  no 
corona,  and  this  density  was  maintained  over  a  part  of  the  circuit 
having  more  than  three-fourths  of  the  total  resistance.  It  seems  there- 
fore that  we  should  have  observed  an  effect  larger  possibly  by  a  factor 
of  the  order  of  ten.  Inasmuch  as  the  effect  if  present  at  all  in  our 
experiment  certainly  was  smaller  by  a  factor  of  more  than  500,  we  may 
conclude  that  quantitatively  the  results  of  the  two  experiments  differ 
by  a  factor  of  more  than  1,000.  Since  both  experiments  gave  definite 
results,  it  seeips  that  the  cause  or  causes  for  this  difference  should 
have  been  evident.  However,  of  the  causes  considered,  none  which 
seemed  plausible  should  have  escaped  notice  in  either  experiment.  We 
therefore  have  no  explanation  to  offer  for  the  marked  difference  in  the 
results  obtained. 

A  limited  experience  with  the  apparatus  used,  some  of  which  was 
not  well  suited  to  the  purpose,  and  all  of  which  was  hastily  assembled, 
leads  us  to  think  that  by  this  method  it  should  be  possible  to  detect 
changes  in  the  direct  component  of  the  current  to  better  than  one  part 
in  5  million  of  the  alternating  current.  Steadiness  of  conditions  could  be 
much  improved  by  the  use  of  more  suitable  sources  of  current  and  voltage, 
and  by  working  at  night  or  when  heavy  machinery  is  not  in  operation  in 
the  vicinity.  The  sensitivity  might  be  increased  or  a  larger  test  current 
used  if  a  galvanometer  better  adapted  to  this  purpose  were  employed. 
Further,  by  avoiding  all  points  and  sharp  bends,  the  potential  gradient 
over  that  part  of  the  circuit  having  most  of  the  resistance  could  be  made 
somewhat  larger  without  getting  into  serious  difficulties  on  account  of 
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corona.  Considering  all  factors  which  limit  the  accuracy  of  the  observa- 
tions it  seems  that  an  overall  precision  ten  times  that  which  we  claim  for 
our  experiment  might  be  realized.  However,  unless  a  plausible  explana- 
tion is  found  for  the  negative  results  which  we  obtained,  or  the  matter 
becomes  of  more  importance  than  it  seems  to  be  at  the  present  time, 
we  do  not  think  that  we  would  be  justified  in  attempting  a  greater 
refinement. 

Department  of  Commerce. 
Bureau  of  Standards, 
Washington,  D.  C, 
June.  1922. 

Note, — ^A  copy  of  this  paper  was  sent  to  Professor  Perkins,  who  in 
reply  states  that  he  has  found  the  cause  for  the  large  effect  originally 
reported,  and  expects  to  publish  soon  a  paper  giving  the  results  obtained 
in  a  more  recent  investigation.  , 
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RECIPROCAL  DIFFRACTION   RELATIONS  BETWEEN 
CIRCULAR  AND   ELLIPTICAL   PLATES. 

By  John  Coulson  and  G.  G.  Bbcknell. 
Synopsis. 

Diffraction  Patterns  inside  Elliptical  Shadows  Due  to  a  Point  Source  of  Light. — 
When  a  circular  disc  with  its  plane  originally  tangent  to  the  light  wave  is  rotated 
about  an  axis  in  its  plane,  the  Arago  spot  changes  to  a  figure  with  four  cusps  which 
move  out  along  the  axes  of  the  elliptical  shadow,  two  approaching  the  foci  as  limits 
and  the  other  two  going  outside  the  shadow.  These  changes  are  shown  by  a  set 
of  photographs  obtained  with  a  disc  1.6  cm.  diameter  placed  2  meters  from  a  pin- 
hole 0.3  mm.  in  diameter  and  5  meters  from  the  photographic  plate.  The  diffraction 
pattern  was  found  to  depend  only  on  the  ellipticity  of  the  shadow  whether  produced 
by  an  ellipse  or  by  an  inclined  disc.  Each  quadrant  of  the  diffraction  pattern  was 
found  to  be  associated  with  the  quadrant  of  the  shadow  adjacent  to  it  but  on  the 
opposite  side  of  the  major  axis.  Careful  measurements  of  the  photographs  proves 
that  in  each  case  the  diffraction  pattern  is  the  evolute  of  the  geometrical  shadow. 
The  effect  is  as  though  each  element  of  the  edge  of  the  shadow  contributed  a  spot 
along  its  normal,  the  result  being  a  caustic  curve  of  diffraction. 

Introduction. 

EARLY  in  the  nineteenth  century  Poisson^  predicted  that  if  the 
Huyghens-Fresnel  theory  was  correct  the  light  intensity  behind 
the  center  of  a  small  opaque  disc  illuminated  by  a  point  source  should 
be  about  the  same  as  though  the  disc  were  removed.  Arago  verified  this 
experimentally  using  a  disc  about  2  mm.  in  diameter.  In  a  later  paper 
Arago  states  that  the  same  phenomenon  was  discovered  by  Delisle  in  17 15. 
Some  of  the  more  recent  investigators,  Croft,  Arkadiew,  and  Hufford  * 
have  repeated  and  extended  the  work  of  Arago.  However,  none  of  the 
writers  has  drawn  attention  to  the  fact  that  a  disc  illuminated  by  a 
point  source  of  light  and  placed  perpendicular  to  the  wave-normal,  when 
gradually  rotated  about  an  axis  in  its  own  plane  produces  a  succession 
of  broadening  diamond-like  figures  with  concave  sides;  nor,  have  they 
drawn  attention  to  the  reciprocal  figures  produced  by  ellipses. 

1  Poisson.  Verdet,  Lecons  d'Opt.  Phys.,  Vol.  i,  Sect.  66. 

Arago,  Oeuvres  Corapldtes,  Vol.  VII.,  p.  i. 

Delisle,  M6m.  de  I'anc.  Acad,  des  Sciences,  1715,  p.  166. 

*  Croft,  W.  B.,  Phil.  Mag.,  Vol.  38,  p.  70  (1894);   Nature,  Vol.  66,  p.  354  (1902). 

Arkadiew,  W.,  Phys.  Zeit.,  Vol.  14.  p.  832  (1913). 

Hufford,  Phys.  Rev.,  Vol.  III.,  p.  241  (1914);  Vol.  VII.,  p.  545  (1916). 
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Apparatus  and  Method. 

The  discs  were  turned  from  brass,  the  edges  beveled  and  then  polished 
while  on  the  lathe  with  a  fine-grained  oil-stone.  The  sizes  ranged  from 
.5  cm.  in  diameter  to  over  5  cm. 

Very  accurate  ellipses  were  produced  by  a  lathe  method  as  follows: 
A  circular  cylinder  of  brass  was  sawed  in  two  along  a  plane  making  the 
desired  angle  with  its  axis.  A  thin  plate  of  hard-rolled  copper  was 
fastened  between  the  sections  of  the  cylinder  by  means  of  screws  inserted 
from  one  end  of  the  cylinder.  The  cylinder  was  then  chucked  in  a  lathe 
and  turned  down  so  that  the  minor  axis  of  the  elliptical  section  was 
equal  to  the  diameter  of  the  circle  mentioned  above.  This  elliptical 
section  having  been  replaced  by  another  sheet  of  the  same  material  the 
cylinder  was  further  turned  down  to  such  size  that  the  major  axis  of  the 
new  ellipse  was  equal  to  the  diameter  of  the  disc. 

Each  of  these  plates  was  held  at  the  center  of  a  circular  ring  (about 
20  cm.  in  diameter)  by  three  No.  44  steel  wires.  This  ring  was  fitted 
inside  a  second  ring  of  slightly  larger  diameter,  so  as  to  slide  into  any 
position  in  its  plane.  The  outer  ring  was  mounted  in  such  a  manner 
as  to  permit  of  rotation  about  a  horizontal  axis  as  well  as  about  a  vertical 
axis.  By  means  of  clamping  screws  rotation  about  any  one  of  the  three 
axes  could  be  made  without  disturbing  the  other  two  adjustments. 

The  mounted  disc  was  placed  in  the  path  of  a  Qone  of  light  emanating 
from  a  pinhole  source  illuminated  from  behind  by  a  self-regulating  car- 
bon arc  and  a  system  of  condensing  lenses.  The  shadow  of  the  disc  was 
received  through  a  long  tube,  blackened  inside,  upon  a  photographic  plate. 

The  distance  between  the  photographic  plate  and  pinhole  was  7  meters, 
and  that  between  pinhole  and  disc  was  2  meters.  The  photographic 
reproductions  shown  here  were  produced  by  a  pinhole  about  .3  mm.  in 
diameter,  and  were  made  with  a  disc  1.6  cm.  in  diameter  and  with  two 
ellipses,  one  having  its  major  axis  equal  to  the  minor  axis  of  the  other 
and  equal  to  the  diameter  of  the  disc. 

Procedure. 

The  disc  was  adjusted  until  the  Arago  spot  was  sharply  defined  at 
the  center  of  the  circular  shadow  received  at  the  position  of  the  photo- 
graphic plate.  In  this  position  the  disc  is  perpendicular  to  the  wave- 
normal.  The  sizes  of  the  Arago  spot  and  the  circular  shadow  are  in- 
dicated by  No.  I,  Plate  I. 

When  the  disc  is  rotated  about  an  axis  in  its  own  plane,  in  this  case 
a  vertical  axis,  the  Arago  spot  changes  gradually  into  the  series  of 
expanding  patterns  mentioned  before.     These  are  illustrated  by  Plate  I, 
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Nos.  2  to  8,  corresponding  to  angles  of  rotation  of  io°,  15^,  22.5®,  30**, 
37-5^»  45^»  a^d  60°  respectively.  Any  one  of  these  figures  may  be 
duplicated  by  an  ellipse,  whose  minor  axis  equals  the  diameter  of  the 
disc,  cut  from  a  circular  cylinder  at  the  corresponding  angle  and  placed 
perpendicular  to  the  wave-normal. 

Plate  I.,  No.  9  was  produced  by  an  elliptical  plate  cut  at  an  angle  of 
37.5°,  and  placed  in  the  normal  position  just  described.  It  corresponds 
to  No.  6  for  the  disc  when  turned  through  an  angle  of  37.5®.  In  this 
case  the  major  axis  of  the  ellipse  is  equal  to  the  diameter  of  the  disc. 
An  ellipse  similarly  cut,  but  with  its  minor  axis  equal  to  the  diameter  of 
the  disc,  when  placed  perpendicular  to  the  wave-normal  produces  Plate 
II.,  No.  10.  It  will  be  seen  that  this  diffraction  pattern  corresponds  in 
shape  to  that  of  Plate  I.,  No.  9,  and  is  proportional  in  size  to  the  dimen- 
sions of  the  ellipse. 

When  this  ellipse  is  rotated  about  an  axis  in  its  own  plane  until  the 
shadow  produced  "is  a  circle  (in  this  case  37.5°)  then  the  Arago  spot 
appears  at  the  center  of  the  shadow,  as  shown  in  Plate  II.,  No.  11. 

Examination  will  show  that  in  all  cases  where  the  four  cusps  of  the 
diffraction  figure  appear  within  the  shadow  (Nos.  3,  4,  5,  6,  and  Nos.  9 
and  10)  the  intensity  of  light  is  greatest  at  the  cusps  lying  on  the  major 
axis  of  the  elliptical  shadow.  This  fact  is  important  in  the  experimental 
analysis,  an  account  of  which  is  now  to  follow. 

Plate  II.,  No.  16,  shows  the  diffraction  pattern  produced  by  an  ellipse 
when  a  straight-edge  in  the  same  plane  is  made  tangent  to  the  ellipse  at 
the  end  of  the  major  axis,  the  plane  of  the  ellipse  being  perpendicular  to 
the  wave-normal.  The  spear-like  shadow  cast  from  the  point  of  tangency 
is  directed  to  the  adjacent  cusp.  But,  if  the  straight-edge  is  made  tangent 
at  the  end  of  the  minor  axis  the  pointed  shadow  is  directed  to  the  cusp 
lying  on  the  opposite  side  of  the  major  axis.  This  is  shown  by  Plate  II., 
No.  17. 

From  the  last  two  illustrations  it  is  evident  that  each  cusp  lying  on 
the  major  axis  is  produced  by  light  emanating  from  the  neighborhood  of 
the  nearer  end  of  the  same  axis  of  the  elliptical  plate;  while  each  of  the 
cusps  on  the  minor  axis  is  due  to  light  coming  from  the  farther  end  of 
the  latter  axis.  Furthermore,  it  has  been  observed  that  if  the  straight- 
edge is  made  tangent  at  successive  points  of  the  ellipse  lying  between 
the  ends  of  the  major  and  minor  axes  the  extremity  of  the  pointed  shadow 
moves  along  the  four-cusped  diffraction  figure.  At  any  definite  position 
of  the  straight-edge  the  bisector  of  the  angle  at  the  tip  of  the  shadow  is 
tangent  to  the  diffraction  figure  and  normal  to  the  geometrical  shadow. 

If  a  circle  replaces  the  ellipse  the  shadow  from  the  point  of  tangency 
is  directed  toward  the  Arago  spot  at  the  center  of  the  circular  shadow. 
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(See  No.  i8.)  M  the  disc  and  straight-edge  be  now  rotated  about  an 
axis  in  their  plane  figures  like  Plate  II.,  No.  16  and  No.  17  are  produced. 

Attention  may  be  drawn  to  the  fact  that  the  diffraction  bands  resulting 
from  any  combination  of  ellipse  and  tangent  straight-edge  differ  in 
nature  from  the  quadrantal  diffraction  figure  produced  by  the  ellipse 
alone.  In  the  case  of  the  former  the  bands  are  fringed  with  the  prismatic 
colors,  while  in  the  latter  case  this  color  separation  does  not  take  place. 
It  appears,  also,  upon  photographing  these  figures  with  light  of  different 
colors  that  the  dimensions  of  the  main  figures  are  independent  of  the 
wave-length. 

Photographs  12,  13,  14,  and  15  were  taken  while  light  was  excluded 
from  certain  quadrants  of  an  ellipse  placed  perpendicular  to  the  wave- 
normal.  In  No.  13,  an  opaque  screen  shuts  off  all  of  the  ellipse 
on  one  side  of  the  major  axis.  Here  the  diffraction  pattern  lies  inside 
the  shadow  of  the  screen.  Hence,  it  is  produced  by  the  light  coming 
from  the  opposite  side  of  the  major  axis.  If,  now,  the  screen  is  so  placed 
as  to  exclude  light  from  all  of  the  ellipse  on  one  side  of  the  minor  axis 
the  resulting  pattern  falls  outside  the  shadow  of  the  screen.  Here,  on 
the  contrary,  the  light  producing  the  diffraction  comes  from  the  same 
half  of  the  ellipse  into  which  the  pattern  falls.     (See  No.  14.) 

Shutting  off  the  illumination  from  two  diagonally  opposite  quadrants 
of  the  ellipse  produces  the  effect  shown  in  No.  12.  It  will  be  ob- 
served that  half  of  the  complete  diffraction  figure  is  missing,  and  that 
the  cusps  do  not  appear.  Furthermore,  the  portion  of  the  figure  lying 
in  either  quadrant  is  due  to  light  from  an  adjacent  quadrant,  and  not 
from  the  one  diagonally  opposite. 

No.  15  completes  the  analysis  concerning  each  quarter  of  the  dif- 
fraction figure  and  the  illuminated  quadrant  which  produces  it.  Here 
the  major  axis  of  the  ellipse  stands  lengthwise  of  the  page,  as  it  does  in 
the  other  illustrations.  In  terms  of  the  usual  trigonometric  convention 
light  is  excluded  from  all  but  the  first  quadrant  of  the  elliptical  plate, 
and  the  resulting  diffraction  is  seen  to  lie  only  in  the  second  quadrant 
of  the  geometrical  shadow.  This  shows  that  each  illuminated  quadrant 
produces  independently  its  own  quarter  of  the  diffraction  figure  and, 
therefore,  that  each  of  these  quarters  is  due  to  light  from  its  corresponding 
adjacent  quadrant  with  respect  to  the  major  axis.  Exactly  similar 
properties  are  found  in  the  case  of  the  circle  rotated  through  an  angle. 

The  foregoing  results  may  be  summarized  as  follows: 

I.  The  diffraction  figures  are  quadrantal  and  symmetrical.  As  the 
eccentricity  of  the  elliptical  shadow  gradually  increases  the  cusps  which 
lie  upon  the  minor  axis  recede  indefinitely,  while  those  on  the  major  axis 
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always  lie  within  the  shadow.  As  the  eccentricity  approaches  zero  the 
figure  degenerates  into  a  circular  spot  which  becomes  a  geometrical  point 
for  a  point  source  of  light. 

2.  Each  quarter  of  the  diflFraction  figure  is  produced  by  light  from  the 
adjacent  quadrant  with  respect  to  the  major  axis. 

3.  The  intensity  of  illumination  of  the  cusps  lying  on  the  major  axis 
is  always  greater  than  that  of  those  lying  on  the  minor  axis. 

The  facts  here  enumerated  have  suggested  that  the  diffraction  figures 
are  the  evolules  of  an  ellipse. 

The  evolute  of  a  given  curve  is  defined  as  the  locus  of  its  center  of 
curvature.  Every  normal  to  the  given  curve  is  tangent  to  its  evolute; 
hence,  the  evolute  is  the  envelope  of  these  normals. 

In  the  case  of  an  elUpse  the  cusps  of  the  evolute  which  lie  on  the 
minor  axis  recede  indefinitely  with  increasing  eccentricity  of  the  ellipse, 
while  those  on  thie  major  axis  at  the  same  time  approach  the  fod.  With 
decreasing  eccentricity  the  evolute  contracts  and,  in  the  limit,  becomes 
a  geometrical  point.  Furthermore,  the  envelope  of  the  normals  from 
any  quadrant  of  the  ellipse  is  the  adjacent  quarter  of  its  evolute  with 
respect  to  the  major  axis.  Such  an  envelope  corresponds  to  the  curve 
formed  by  the  rays  as  mentioned  above. 

The  difference  in  the  brightness  of  pairs  of  opposite  cusps  is  accounted 
for  if  we  consider  the  distance  from  the  end  of  the  major  axis  to  the 
nearest  cusp  of  the  evolute,  and  the  distance  from  the  end  of  the  minor 
axis  to  the  further  cusp  on  that  axis.  These  distances  are  b^/a  and  a\b 
respectively,  where  a  and  b  are  the  major  and  minor  semi-axes  of  the 
ellipse.  Here  b^/a  is  always  less  than  a*,b.  The  distances  just  mentioned 
are,  also,  the  radii  of  curvature  of  the  ellipse  at  the  ends  of  the  major 
and  minor  axes. 

The  equation  of  the  evolute  corresponding  to  the  ellipse 

(x:ay  +  iyby  =  i, 

is 

(axy^  +  (byY'^  =  (a*  -  b^y-'^ 

The  respective  distances  between  the  cusps  lying  on  the  major  axis 
and  those  lying  on  the  minor  axis  are: 

2x0  =  2(a*  —  b^)'a, 
and 

2yo  =  2(0^  —  b^)  b. 

These  distances  when  taken  from  the  photographs  permitted  the  cal- 
culation of  a  and  6,  which  in  ever>'  case  were  found  to  be  the  dimensions 
of  the  corresponding  geometrical  shadow. 


Digitized  by 


Google 


Physical  Review.  Second  Series.  Vol.  XX. 
December,  1922 


Plate  II. 
To  face  page  598. 


JOHN  COULSON  AND  G.  G.  BECKNELL. 


Digitized  by 


Google 


Digitized  by 


Google 


Vol.  XX.l 
No.  6.      J 


CIRCULAR  AND  ELUPTICAL  PLATES. 


599 


In 'order  to  show  the  complete  coincidence  between  the  diffraction 
figure  and  the  evolute  of  the  geometrical  shadow  it  was  necessary  to 
produce  photographically  a  large  sharp-lined  figure.  This  was  done  by 
using  a  disc  of  large  diameter  (5.11  cm.)  and  a  very  small  pinhole  source 
(.12  mm.).  The  disc  was  rotated  37.5^  with  respect  to  the  wave-normal. 
The  figure  thus  produced,  which  was  about  7  by  8  cm.,  was  projected 
optically,  with  a  magnification  of  about  8  diameters,  upon  a  sheet  of 
coordinate  paper.  The  values  of  x  and  y  for  one  quadrant  of  this 
sharply  outlined  figure  are  the  points  represented  by  circles  in  Fig.  19. 


Fig.  19. 

The  curve  itself  is  the  computed  evolute  of  the  elliptical  shadow.  The 
agreement  is  well  within  the  limits  of  observation. 

The  identity  of  the  diffraction  figure  and  the  evolute  of  the  geometrical 
shadow  may  be  shown  more  readily  from  the  following  property  of  the 
evolute.  The  difference  between  the  radii  of  curvature  at  any  two  points 
in  the  same  quadrant  of  an  ellipse  is  equal  to  the  arc  cut  off  of  its  evolute 
by  the  normals  to  the  ellipse  at  the  given  points.  Hence,  it  may  be 
proved  that  the  length  of  the  quadrant  of  the  evolute  is  equal  to 
(a«  -  V)/ab. 

The  length  of  the  quadrant  of  the  evolute  was  measured  for  several 
figures  (after  enlargement)  by  rolling  a  self-recording  wheel  along  the 
periphery  of  the  curve.  A  planimeter-wheel  was  used  for  this  purpose. 
The  agreement  between  the  length  of  the  quadrant  of  the  evolute  thus 
measured  and  the  quantity  (a*  —  6*)/aft  for  the  corresponding  geometrical 
shadow  was  in  each  case  less  than  one  per  cent. 

The  agreement  between  the  diffraction  figures  produced  by  an  ellipse 
and  a  rotated  circle  casting  the  same  geometrical  shadow  is  shown  in 


Digitized  by 


Google 


6cx) 


JOHN  COULSON  AND  G.   G,   BECKNELL. 


rSBCON 

LSbme 


OND 

LSbmbs. 


the  table.    These  data  were  taken  from  Plate  II.,  No.  6,  and  No.  9, 
enlarged. 


y  (Obeerred). 

• 

X, 

Rotated  Circle. 
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.044 

.041 
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.000 
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.000 

Attention  may  be  called  again  to  one  of  the  important  properties  of 
the  evolute.  That  is,  the  evolute  is  the  envelope  of  the  normals  of  the 
corresponding  curve  producing  it.  In  the  experiment  with  the  straight- 
edge tangent  to  the  elliptical  plate  it  has  been  shown  that  for  any  given 
position  of  the  straight-edge  the  median  line  of  the  corresponding  pointed 
shadow  is  tangential  to  the  diffraction  figure  and  normal  to  the  geomet- 
rical shadow  of  the  plate.  Hence,  we  may  conclude  that  these  diffrac- 
tion figures  constitute  a  family  of  envelopes,  and  corresponding  to  the 
caustics  of  reflection  and  refraction,  that  the  figures  here  shown  are  the 
caustics  of  diffraction. 

University  of  Pittsburgh, 
May.  1922. 
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HEAT  FLOW  IN  A  FINITE  CYLINDER  HAVING  VARIABLE 
SURFACE  TEMPERATURE. 

^  By  George  E.  Thompson. 

Synopsis. 

Equations  of  heat  flow  into  finite  circular  cylinders  when  the  surface  temperature 
is  changed  either  suddenly  or  at  a  uniform  rate,  are  derived.  In  the  first  case  the 
surface  temperature  of  a  cylinder  whose  temperature  is  initially  uniform  throughout 
is  suddenly  changed  from  o  to  V;  kept  there  for  a  certain  time  and  then  suddenly 
changed  to  Vt  and  kept  there  indefinitely.  In  the  second  case  the  surface  tem- 
perature is  changed  to  V;  then  is  increased  at  a  uniform  rate  from  Vo  to  Vt  and 
then  is  kept  constant  indefinitely.  These  two  cases  correspond  roughly  to  the 
changes  occurring  in  two  canning  processes  and  the  theoretical  curve  for  case  two 
is  found  to  agree  roughly  with  an  experimental  curve  obtained  with  a  pint  Mason  jar 
filled  with  spinach  by  the  "cold-pack"  method. 

SOME  time  ago  the  author  of  this  paper^  made  a  comparison  of  the- 
oretical and  experimental  temperature-time  curves  for  the  flow  of 
heat  into  finite  circular  cylinders — the  cylinders  under  experimental 
test  being  cans  of  fruit  or  vegetables  in  the  sterilizing  process.  The 
theoretical  derivations  of  the  formulae  for  heat  flow  were  not  given  in 
the  published  results  at  that  time.  Two  formulae  not  previously  worked 
out  were  used.  It  is  the  purpose  of  this  paper  to  present  the  derivation 
of  these  formulae. 

The  two  new  cases  worked  out  are  as  follows:  In  the  first  case  the 
surface  of  the  cylinder  is  maintained  constant  for  a  given  length  of  time 
and  then  suddenly  changed  to  a  new  value  which  is  kept  constant  in- 
definitely. The  initial  temperature  of  the  cylinder  is  considered  uniform 
throughout.  This  corresponds  to  the  conditions  which  are  sometimes 
approximately  maintained  in  a  certain  canning  process — namely,  where 
the  can  is  heated  in  a  bath  of  medium  temperature  for  a  limited  time  to 
expel  the  air  and  then,  after  sealing,  is  placed  in  a  steam  bath  at  sterilizing 
temperature.  The  second  case  considered  corresponds  closely  to  the 
conditions  which  apply  to  " cold-pack'*  canning  methods.  The  surface 
temperature  is  assumed  to  increase  linearly  from  a  medium  temperature 
to  the  sterilizing  temperature  and  remain  constant  thereafter,  the  interior 
temperature  being  initially  uniform  throughout.  We  shall  refer  to  these 
problems  as  Case  I.  and  Case  II. 

Case  I. — Let  us  use  cylindrical  coordinates,  z  representing  the  distance 
of  any  point  from  the  center  of  the  cylinder  along  the  axis;   r,  the  per- 

»  Thompson.  Journ.  Ind.  and  Eng.  Chem.,  July,  1919- 
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pendicular  distance  of  the  point  from  the  axis;  /,  the  half  length  of 
the  cylinder,  and  a,  its  radius.  Only  right  circular  cylinders  will  be 
considered. 

The  problem,  then,  is  to  find  a  solution  of  the  partial  differential 
equation : 

subject  to  the  conditions 

(a)  r  =  ro  at  r  =  a,  z  =  dz  Ifor  t  <  ti 

(b)  V  =  o  at  all  points  in  the  cylinder  when  /  =  o 

(c)  r  =  vj  at  r  =  a,  2  =  d:  /  or  /  5  /i. 

In  the  above  expressions,  v  is  the  variable  interior  temperature;  /,  the 
time;  and  k,  the  diffusivity  of  the  material  constituting  the  cylinder. 

We  have  to  get  the  solution  of  the  problem  in  two  parts;  first  for 
t  <  h  and  then  for  /  >  /i.  Carslaw  has  included  the  general  solution 
for  a  steady  surface  temperature  in  his  textbook,  Fourier  Series  and 
Integrals,  p.  324.  This  solution  making  n  =  o  for  symmetrical  distri- 
bution is  as  given  in  Equation  (3)  where 

iraHJiKfMi) 

By  putting  n  =  o  since  the  distribution  is  symmetrical  and/(r,  6,  z)  =  I, 
this  solution  when  modified  to  correspond  to  the  conditions  of  our  problem 
becomes  for  /  =  /i, 

t;  =  -  Z Z  ^M.  mVoe-^'^MtJir)  sin ^  (2  +  /),  (3) 

where  /x  is  a  root  of  /o(Ma)  =  o  and  m  is  any  integer. 


and 


=  *(k 


-w} 


1  8(1  —  cos  imr)l 

2  Tra^mlJi^{fjLa) 


I    Jo{tJir)rdr,  (4) 


where  J}{'rJo{ixr)dr  may  be  replaced  by  its  value  (a//Li)/i(Ma). 

In  the  second  part  of  the  problem  where  /  >  /i  we  have  to  solve  the 
same  differential  equation  subject  to  Condition  {c)  and  that  the  interior 
temperature  at  /  =  /i  is  given  by  Equation   (3).     In  order  that  the 

*  Note  that  a  factor,  r,  is  omitted  in  the  first  integral  of  this  expression  in  Carslaw's  book; 
also  6  is  a  misprint  for  /  in  the  denominator. 
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surface  temperature  may  still  be  considered  zero  we  shift  the  temperature 
scale  by  the  amount  (1^2  —  »o)  and  get  for  the  interior  temperature 
distribution  at  /  =  /i  the  expression 

00 
f(riz)  =  -  (rj  -  »o)  -  Z   Z^M.  mVoe'^''Jo(jjLr)  sin  —j(z  +  l),        (5) 

It,      m^l  2^ 

By  substituting  this  value  of  /(r,  z)  in  the  expression  at  bottom  of  page 
324  of  Carslaw's  textbook,  we  get,  after  simplifying, 

^''•"  mTU)/iM  ^M.-i'oc       ,  (6) 

=  -  A^,  «(»««-*''  +  vt-  Po).  (7) 

Hence  we  have 

F'  =  Z  Z  >I».  «'c-''('-'«>/o(Mr)  sin ^  («  +  /).  (8) 

ft,    mml  2* 

We  should  now  increase  all  temperatures  in  (3)  by  Vo  and  in  (8)  by  Vt 
in  order  to  get  the  results  into  their  final  forms. 

Case  II, — As  in  Case  I.  we  have  to  solve  this  problem  in  two  parts; 
the  first  part  to  correspond  to  the  condition  that  the  surface  temperature 
increases  linearly  with  /  until  /  =  h.  In  the  second  part  the  surface 
temperature  remains  constant  at  a  value  Vj.    Then 

(d)  V  =  Vo  +  Bt  Sit  r  =  a  and  z  =  ±,1  when  /  <  /i, 

{e)  V  —  v^  -=  Vq  +  Bii  at  r  =  a  and  2  =  d:  /when  /  5  /i, 

(/)  and  r  =  o  for  all  points  in  the  cylinder  when  /  =  o. 

Duhamel  has  given  a  theorem  (Carslaw,  loc.  cit.,  p.  208)  by  means  of 
which  the  solution  for  a  variable  surface  temperature  can  be  deduced 
from  the  solution  for  a  steady  surface  temperature.  According  to  this 
rule  we  are  to  use  the  solution  which  is  given  in  equation  (3)  for  a  surface 
temperature  maintained  at  zero.  We  are  to  replace  the  /  in  the  surface- 
temperature  function  by  X  and  in  the  body  temperature  by  /  —  X.  If 
the  surface  temperature  be  maintained  at  zero  we  have,  after  applying 
DuhameFs  rule 

F  =  (ro  +  B\)[i  -  v{t  -  X,  r,  z)l  (9) 

where  V  is  the  function  wihch  is  to  be  differentiated  with  respect  to  / 
and  integrated  with  regard  to  X  between  the  limits  o  and  /;  and  v  is  the 
function  given  in  Equation  (3)  after  /  —  X  has  been  substituted  for  /. 
The  /-differentiation  gives 

^  =  (r-o  +  B\)  Z  i:  RA^,  „e-*"-^Uo(Mr)  sin  "^  {z  +  I).      (lo) 

ot  n    M=i  2/ 
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After  factoring  (lo)  and  integrating  with  regard  to  X  that  part  involving 
X  we  have,  after  recombining, 


v=zi;^M.-[''o(i 


.-«< 


) 


=  Vf\-  Bt 


+  5(<  -  L_J:1'^  j/,0*,)  8in^(2  +  D, 


(II) 


-ZZ/m  »[t;.«-"  +  |(i  -^o] /.(Mr)  sin  ^(2  +  /).   (12) 

The  coefficient  of  Vo  +  Bt  is  shown  to  be  unity  by  placing  v  =  i  and 
/  =  o  in  equation  (3).  V  represents  the  interior  temperature  between 
t  —  o  and  t  =  h.  After  the  surface  temperature  becomes  constant  at 
/  =  /i  we  have  to  solve  another  problem  with  V  as  initial  interior  tem- 
perature and  surface  temperature  Vi  =  Vo  +  Bti.  In  order  to  use  the 
expression  given  by  Carslaw  (p.  324)  we  must  reduce  all  temperatures 
by  an  amount  Vo  +  Bh  so  as  to  make  the  surface  temperature  zero. 
The  final  result  will  then  have  to  be  increased  by  this  amount.  Sub- 
stituting in  Equation  (2),/(r,  6,  z)  -  V  —  Vq  —  Bh  we  get 

2tC^  J^'  sin*  ^  (2  +  0^2  =  2tCJ,  (13) 

since  the  2-integration  gives  only  one  term,  the  others  being  equal  to 
zero.     Cm  is  used  for  the  expression 

-  Z  Z/..  «[f<.«-'"  +|(i  -  «-*")]  /.(Mf).         (14) 

We  get,  therefore, 

-  2irA^,  Jv^e-"''  +  f  (I  -  «-*'')  1   r  JoMr  dr 

Putting 

'''  Jt^{iM)r  dr  =  io'/,*0«i) 


t/o 


and  putting  this  value  of  A^^m'  as  the  constant  of  Equation  (3)  we  have 
the  solution  for  t  >  h  as  follows: 


F"  =  ro  +  5/1  -  Z  Z  ^M.m    voe- 


-Rt, 


+  ^  (I  -  ^-^'H  ^-""^'-'^^/oC/ir)  sin"^  (2  +  /). 
A  J  2/ 


(16) 
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The  convergence  of  this  series  is  greatly  helped  by  the  fact  that  the 
terms  are  alternately  plus  and  minus. 

Figure  i  shows  a  theoretical  and  an  experimental  curve  for  Case  II. 
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Fig.  1. 

The  broken  line  is  the  theoretical  and  the  full  line  the  experimental 
curve,  both  referring  to  temperatures  at  the  center  of  the  cylinder.  The 
surface  temperature  was  about  63**  C.  initially  and  increased  to  100**  C. 
in  twenty  minutes,  remaining  constant  thereafter.  The  cylinder  in 
this  case  was  a  pint  Mason  fruit  jar  filled  with  spinach  as  it  is  ordinarily 
canned.  The  agreement  between  the  two  curves  is  satisfactory  when 
it  is  remembered  that  the  experimental  conditions  approximate  only 
roughly  to  the  theoretical  conditions.  In  practice  the  diflfusivity  in- 
creases with  temperature  while  it  was  assumed  constant  in  plotting  the 
theoretical  curve. 

In  order  to  show  how  the  variations  of  surface  temperature  modify 
the  rate  of  heating  the  curves  of  Fig.  2  have  been  plotted,  using  arbitrary 
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values  for  the  constants  of  the  equations.  The  curves  plotted  apply  to 
the  center  of  the  cylinders  only.  Curve  a  is  computed  from  Ekjuation  3. 
The  initial  interior  temperature  of  the  cylinder  is  o**  C.  throughout  and 
the  bath  is  maintained  at  100**  C.  from  the  beginning.  Curve  b  is  com- 
puted from  Equations  12  and  16.  The  conditions  are  the  same  as  in 
Curve  a,  except  that  the  surface  temperature  varies  uniformly  from 
50°  C.  to  100**  C,  reaching  the  latter  value  aftfer  20  minutes  and  remaining 
constant  thereafter.  Curve  c  is  computed  from  Equations  3  and  8. 
The  surface  temperature  is  maintained  at  50°  C.  for  20  minutes  and  then 
suddenly  increased  to  100°  C.  and  maintained  at  this  temperature 
indefinitely.  Curve  d  is  computed  from  Equation  3,  the  surface  tem- 
perature being  50°  C.  continuously  from  the  beginning. 

The  author  desires  to  express  his  indebtedness  to  the  late  Professor 
James  MacMahon  of  Ithaca,  N.  Y.,  for  the  solution  of  the  equations 
given  under  Case  II. 

Physics  Department. 
Iowa  State  College. 
Abies.  Iowa, 
May,  1933. 
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AN  EXTENSION  OF  THE  PRINCIPLE  OF  THE  DIFFRACTION 
EVOLUTE,  AND  SOME  OF   ITS  STRUCTURAL   DETAIL. 

By  G.  G.  Becknell  and  John  Coulson. 

Synopsis. 

Diffraction  Paitems  inside  Shtuiows  due  to  Point  Sources  of  Light, — (i)  Conic 
section  shadows.  In  confirmation  and  continuation  of  the  results  in  the  preceding 
article,  the  patterns  are  found  to  depend  only  on  the  shape  of  the  shadow,  the 
Arago  spot  being  obtained  at  the  center  of  the  circular  shadow  even  when  this  was 
cast  by  a  spiral  edge  of  large  pitch  ground  to  the  form  of  a  truncated  cone,  when 
the  point  source  was  placed  at  the  apex.  Patterns  inside  the  shadows  oi  hyperbolic 
and  parabolic  plates  were  also  obtained  and  are  reproduced.  As  in  the  case  of 
the  ellipse,  the  predominant  figure  in  each  case  is  the  evolute  of  the  edge  of  the 
shadow.  (2)  This  general  relation  between  diffraction  caustic  and  shadow  is  found 
to  hold  even  in  the  case  of  the  shadow  of  the  involute  of  a  circle,  when  the  diffraction 
figure  was  identical  with  the  generating  circle  which  was,  of  course,  the  evolute  of  the 
edge  of  the  shadow.  A  series  of  photographs  of  elliptical  shadows  show  that  the 
diffraction  caustics  are  not  continuous  curves.  The  changes  of  detail  and  of  color 
in  the  patterns  with  change  of  ellipticity  of  the  shadow  are  described  at  some  length. 

TN  a  previous  paper*  reported  in  this  journal  it  was  shown  that  for 
-■■  circular  and  ellipitcal  plates  illuminated  by  a  point  source,  whatever 
the  position  of  the  plates  with  reference  to  the  wave-normal,  a  predom- 
inant figure  was  produced  behind  the  object  which  proved  to  be  the 
evolute  of  the  geometrical  shadow. 

Knowing  the  general  mathematical  relations  between  plane  curves 
and  their  evolutes,  it  did  not  seem  probable  that  the  example  there 
discussed  of  the  relation  between  an  elliptical  shadow  and  its  diffraction 
figure  could  be  merely  an  isolated  case  of  a  curve  and  its  evolute.  This 
paper  presents  illustrations  of  diffraction  patterns  produced  by  parabolas, 
hyperbolas,  and  other  diffracting  objects. 

Accurate  parabolic  and  hyperbolic  plates  were  produced  by  a  lathe 
method  similar  to  that  discussed  in  our  former  paper  for  elliptical  plates. 
In  this  case  a  cone  was  used  instead  of  a  cylinder.  By  holding  thin 
plates  of  metal  between  proper  sections  of  the  cone  it  was  possible  to 
turn  out  both  shapes  at  one  operation.  However,  in  the  case  of  the 
parabola  it  was  necessary  that  the  cone  be  sliced  well  back  from  the  apex. 
Otherwise,  the  bevelled  edge  of  the  plate  caused  the  shadow  to  be  that 
of  two  overlapping  parabolas.  It  is  also  worth  noting  that  it  is  far  more 
difficult  to  turn  out  a  true  parabola  than  a  true  hyperbola  since  the  para- 

*  See  page  594.  this  issue. 
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boHc  section  must  be  accurately  parallePto  the  generator  of  the  cone. 
Much  of  the  success  in  producing  these  plates  is  due  to  the  careful  work- 
manship of  Mr.  G.  S.  Shallenberger,  our  department  mechanician. 

The  apparatus  and  its  arrangement  were  the  same  as  used  previously. 
The  diffracting  plates  were  supported  on  a  rod  extending  along  the  axis 
of  symmetry  of  the  figure  in  such  a  way  as  not  to  interfere  with  the 
diffraction  pattern.  The  plates  were  then  oriented  until  the  patterns 
were  symmetrical  with  respect  to  the  axis  just  mentioned. 

Plate  I.,  No.  I,  shows  the  shadow  and  diffraction  within  the  shadow 
of  a  hyperbolic  plate  whose  height  along  the  axis  was  1.85  cm.,  and 
whose  base  was  3.6  cm.  No.  2  shows  the  corresponding  photograph 
for  a  parabola  of  height  2.7  cm.,  base  2.4  cm.  The  curves  are  precisely 
the  ones  anticipated,  and  measurements  taken  from  the  plates  prove  them 
to  be  true  evolutes. 

The  equation  of  the  hyperbola  referred  to  its  vertex  is 

(x/ay  +  2(x/a)  -  (y/by  =  o. 

And  the  equation  of  the  corresponding  evolute  is 

[a(a  +  x)Y'*  -  (byy*  =  (a«  +  6»)«/». 

In  order  to  determine  the  values  of  a  and  b  for  the  hyperbola  an  outline 
of  the  plate  was  projected  upon  coordinate  paper  and  corresponding 
values  of  x  and  y  for  a  number  of  points  were  recorded.  The  best  values 
for  the  a  and  b  corresponding  to  the  geometrical  shadow  were  then  found 


Fig.  1. 

by  the  method  of  least  squares  to  be  1.26  cm.  and  1.08  cm.  respectively. 
These  values  show  upon  computation  that  the  hyperbola  and  its  evolute 
do  not  intersect.  The  photograph  indicates,  also,  that  the  same  is  true 
of  the  diffraction  figure  and  the  outline  of  the  shadow. 
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Fig.  I  shows  the  hyperbola  and  corresponding  evolute  computed  for 
the  geometrical  shadow  using  the  values  of  a  and  b  above.  The  circles 
indicate  points  taken  at  random  from  the  diffraction  curve  on  the 
photographic  plate  (Plate  I.,  No.  i). 

Fig.  2  illustrates  similar  curves  for  the  parabolic  shadow.  The  equa- 
tion of  the  evolute  for  the  parabola  y  =  4ax,  is 


y  =  4(x  —  2a)V27a. 

These  curves  always  intersect  at  the  point  jc  =  8a,  y  =  4aV2. 
in  agreement  with  the  photograph  (Plate  L,  No.  2.) 


This  is 


Fig.  2. 


In  order  to  apply  this  general  principle  of  the  diffraction  evolute  to 
other  figures  than  conic  sections  a  plate  was  cut  in  the  form  of  the 
heart-shaped  portion  of  the  involute  of  a  circle.  This  was  done  by 
unwinding  a  waxed  thread  from  a  small  cylinder.  A  needle  fastened  to 
the  free  end  of  the  thread  was  used  to  cut  the  outline  of  Fig.  3  from  a 
sheet  of  heavy  lead  foil.  From  the  construction  it  follows  that  the 
evolute  of  this  curve  is  the  original  circle.  Plate  I.,  No.  3,  reproduces 
the  shadow  of  one  of  these  heart-shaped  plates  and  the  diffraction 
figure  accompanying  it.  The  plate  was  about  2.5  cm.  in  length  between 
the  points  of  the  heart,  and  was  produced  from  a  cylinder  8  mm.  in  diam- 
eter. The  diameter  of  the  circle  as  measured  from  the  photograph 
agrees  with  that  of  the  predicted  evolute  within  2  per  cent. 

It  may  be  instructive  to  point  out  that  there  is  not  a  one-to-one  corre- 
spondence between  the  points  of  the  circular  evolute  and  those  of  the 
heart-shaped  outline  shown  in  Fig.  3.  However,  such  correspondence 
does  hold  between  the  circle  and  the  outline  MON.  This  has  been 
observed  by  placing  a  straight-edged  screen  over  the  portion  MPN  of 
the  diffracting  plate.  In  this  case  the  whole  circle  was  clearly  visible. 
When  the  portion  of  the  plate  lying  above  MTN  was  covered  the  diffrac- 
tion figure  was  only  the  arc  RTS, 
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Examination  of  the  photographic  illustrations  in  this  and  in  our  pre- 
ceding paper  show  that  the  shadows  are  crossed  by,  a  multitude  of  bright 
lines  running  normal  to  the  edge.  These  lines  are  clearly  developed  in 
Plate  L,  No.  4,  which  was  produced  by  a  heart-shaped  plate  cut  from 
paper,  and  the  diffraction  figure  is  seen  to  be  a  true  envelope  or  caustic. 
From  this  it  is  probable  that  shadows  and  the  diffraction  patterns  lying 
therein  may  be  ascribed  to  the  diffraction  normals  at  the  boundary  of  the 
shadow. 

It  seems,  then,  to  be  true  in  general  that  whenever  an  object  illuminated 
by  a  point  source  produces  a  diffraction  pattern  within  its  shadow,  the  pre- 
dominant diffraction  figure  is  the  evolute  of  the  geometrical  shadow. 

The  production  of  the  Arago  spot  has  always  been  associated  with  the 
disc  or  sphere  as  the  diffracting  object.  However,  it  was  shown  in  our 
first  paper  on  this  subject  that  an  elliptical  plate  producing  a  circular 
shadow  also  has  associated  with  it  a  true  Arago  spot.  A  still  more 
striking  case  is  furnished  by  a  diffracting  object  in  the  form  of  a  spiral. 
Plate  I.,  No.  6,  is  the  circular  shadow  and  Arago  spot  produced  by  a  J^-in. 
(1.90  cm.)  auger  bit  of  i-in.  (2.54  cm.)  pitch  ground  to  the  form  of  a 
truncated  cone  and  illuminated  by  a  point  source  at  the  apex  of  the  cone 
(see  Plate  I.,  No.  7). 

If  the  axis  of  the  cone  is  not  accurately  perpendicular  to  the  wave 
front  the  shadow  cast  is  not  strictly  circular,  although  it  may  apparently 
be  so.  In  such  a  case  the  diffraction  figure  consists  of  two  caustics. 
These  are  illustrated  in  No.  8.  When  the  cone  was  reversed  so 
that  the  apex  was  turned  away  from  the  point  source,  no  adjustment 
whatever  was  capable  of  producing  a  true  Arago  spot.  The  nearest 
approach  to  a  circular  spot  was  crescent  shaped  with  a  dark  shadow  on 
the  concave  side,  similar  to  one  of  the  caustics  in  No.  8.  It  should 
be  observed  in  this  instance  that  the  geometrical  shadow  could  never 
be  circular.  The  explanation  of  an  Arago  spot  produced  by  such  a 
device  as  the  one  here  discussed,  that  is,  by  means  of  a  spiral  object,  is  a 
decided  departure  from  the  concept  of  Fresnel  zones. 

It  may  be  said  that  the  experiments  discussed  here  and  in  the  pre- 
ceding paper  seem  to  indicate  the  following  general  principle:  Any 
particular  form  of  geometrical  shadow  is  always  associated  with  the  same 
diffraction  pattern  whatever  be  the  diffracting  object. 

The  Detail  in  the  Structure  of  the  Evolutes. 

It  seems  desirable  to  call  attention  to  certain  peculiarities  of  the 
diffraction  evolutes  of  the  conic  sections.  In  order  to  make  a  more 
minute  study  of  the  formation  of  the  evolutes  of  ellipses  and  circles  the 
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distance  from  pinhole  to  photographic  plate  was  increased  from  the 
usual  distance  of  7  meters  to  20  meters.  The  diffracting  plate  was  placed 
3  meters  from  the  pinhole  instead  of  2  meters.  This  arrangement 
produced  about  double  the  magnification  previously  used. 

Plate  II.,  No.  9,  shows  the  diffraction  pattern  due  to  an  ellipse  of  major 
diameter  1.6  cm.  when  placed  with  its  plane  perpendicular  to  the  wave- 
normal.  It  will  be  observed  that  a  series  of  bands  lies  inside  the  evolute 
and  parallel  thereto;  and  that  the  intensity  of  the  bright  bands  diminishes 
rapidly  as  they  recede  from  the  evolute.  The  evolute  consists  of  a 
number  of  separate  flame-like  streaks  or  ** flares*'  which  are  merely  the 
terminals  of  the  bright  bands  within.  As  the  eccentricity  of  the  elliptic 
shadow  diminishes  the  number  of  flares  in  a  quadrant  of  the  evolute 
decreases;  and,  therefore,  likewise  the  number  of  bands  within  the 
evolute.  This  is  illustrated  by  No.  10,  taken  for  the  ellipse  above 
rotated  through  an  angle  of  25°.  A  similar  decrease  in  the  number  of 
bands  accompanies  a  reduction  in  the  size  of  the  plate  when  distances 
are  kept  constant. 

A  disc  casting  an  elliptical  shadow  produces  diffraction  patterns 
identical  with  those  just  described  when  the  dimensions  of  the  shadows 
correspond.  Plate  II.,  Nos.  11,  12  and  13,  were  made  with  a  disc  .98  cm. 
in  diameter,  and  correspond  to  angles  of  rotation  from  the  normal 
position  of  30®,  60®  and  75®  respectively.  These  illustrations  bring  out 
still  more  clearly  the  discontinuous  nature  of  the  diffraction  evolute. 

In  the  case  of  elliptical  shadows  there  is  always  a  set  of  bright  and  dark 
bands  lying  in  the  direction  of  the  major  axis.  These  become  more 
distinct  with  increasing  eccentricity  of  the  shadow,  as  shown  by 
Nos.  12  and  13.  Similar  strong  bands  appear  in  the  patterns  produced 
by  an  ellipse.  When  such  a  plate  is  rotated  about  its  minor  axis  toward 
the  position  producing  a  circular  shadow  these  bands  gradually  vanish, 
reappearing  upon  further  rotation  of  the  plate,  but  with  an  orientation 
in  direction  of  90°.  That  is,  the  direction  of  these  bands  in  all  cases  is 
that  of  the  major  axis  of  the  elliptical  shadow. 

Nos.  14,  15,  16  and  17,  were  taken  with  a  carefully  turned  disc 
5  mm.  in  diameter,  the  distance  from  source  to  photographic  plate 
being  increased  to  33  meters.  No.  14  shows  the  Arago  spot  and 
accompanying  rings.  Precisely  the  same  pattern  has  been  produced 
by  an  elliptical  plate  when  casting  a  circular  shadow.  When  the  disc 
is  rotated  20°  from  this  position  about  an  axis  in  its  own  plane 
No.  15  is  produced.  For  angles  up  to  10°  the  transition  in  the  pattern 
is  almost  imperceptible,  but  becomes  more  rapid  beyond  a  rotation  of  20°. 

No.    16    corresponds   to   an   angle   of   30°.      Here   the   bright   spot 
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at  the  center  has  entirely  disappeared  and  is  replaced  by  a  black  figure 
resembling  a  pair  of  crossed  dumb-bells  with  white  knobs  faintly  appear- 
ing at  the  ends  of  the  bars.  These  knobs  become  brighter  upon  further 
rotation  of  the  disc.  At  approximately  45°  a  bright  spot  reappears  at 
the  center  of  the  figure  with  a  pattern  as  shown  in  No.  17.  It  will  be 
observed  in  the  last  two  figures  that  the  rings  which  surrounded  the 
original  Arago  spot  have  changed  decidedly  in  shape.  In  No.  16  they 
appear  elliptical  while  in  No.  17  they  are  oval.  The  major  diameter 
of  each  figure  is  along  the  minor  axis  of  the  elliptical  shadow. 

Very  definite  transitions  in  color  were  observed  as  the  disc  was 
rotated  beyond  the  position  represented  by  No.  15.  The  central  spot 
remains  white  up  to  about  22.5°,  shading  into  pink  with  increasing  angle 
and  becoming  distinctly  red  at  27.5°.  At  30**  the  spot  has  entirely  dis- 
appeared. On  further  rotation  of  the  disc  a  central  spot  gradually 
reappears,  showing  green  at  35**,  surrounded  by  four  white  spots  in  the 
form  of  an  upright  cross  as  in  No.  16.  Four  distinctly  red  knobs 
appear  on  the  crossed  dumb-bells  in  this  figure.  At  45°  the  central 
dot  changes  to  red,  closely  surrounded  by  four  streaks  of  green,  as  in 
No.  17.  At  50°  the  center  again  is  black,  and  the  four  streaks  have 
changed  to  white.     The  four  flares  on  the  axes  always  remain  white. 

Attention  has  been  called  to  the  fact  that  in  the  case  of  elliptical 
shadows  a  set  of  ** secondary"  bands  lie  inside  the  evolute  and  parallel 
to  it,  while  another  set  extend  along  the  major  axis.  The  hyperbola 
and  parabola,  also,  give  rise  to  a  similar  series  of  bands.  However,  in 
Plate  I.,  No.  3,  the  secondary  bands  occur  on  the  outside  of  the  circular 
evolute,  and  none  on  the  inside  which  appears  to  be  absolutely  dark. 
The  latter  point  is  explained  by  the  fact  that  the  circular  area  is  not 
traversed  by  any  of  the  diffraction  normals  from  the  edge  of  the  shadow. 
No.  5  shows  that  these  secondary  bands  intersect  at  the  cusp  of  the 
heart  and  become  continuous  with  the  usual  diffraction  bands  lying 
outside  the  shadow. 

In  the  case  of  all  shadows  in  the  form  of  conic  sections  the  evolute  is 
the  envelope  of  the  normals  to  the  edge  of  the  shadow  which  emanate 
from  the  opposite  side  of  the  axis.  Thus,  the  areas  outside  the  evolute 
are  traversed  by  only  one  set  of  these  normals;  and,  therefore,  the 
secondary  bands  cannot  exist  within  these  areas. 
University  of  Pittsburgh, 
July.  1922. 
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NEW   EVIDENCE   REGARDING  THE  INTERPRETATION  OF 
CRITICAL  POTENTIALS  IN   HYDROGEN. 

By  p.  S.  Olmstbad. 

Synopsis. 

Crilical  Potentials  in  Hydrogen. — (i)  Experimental  separation  of  effects  due  to 
'  atomic  and  molecular  hydrogen.  In  an  ionization  tube  of  the  Lenard  type,  a  close 
grid  of  tungsten  wires  was  introduced  between  the  filament  and  the  gauze  in  front  of 
the  plate.  When  this  grid  was  heated  electrically  to  incandescence  the  proportion 
of  atoms  was  greatly  increased  by  dissociation  of  the  molecules,  (a)  Effects  due  to 
radiation  were  distinguished  from  effects  of  ionization  by  comparing  the  electron 
currents  to  a  disk  electrode  with  those  to  a  wire  which  because  of  its  small  area  was 
relatively  insensitive  to  effects  of  radiation.  (3)  Six  critical  potentials  between  10  and 
16  volts  were  observed  and  measured  with  reference  to  the  strongest  break,  assumed 
to  occur  at  16.0  volts.  Each  break  point  was  located  at  the  intersection  of  two 
tangents;  hence  the  relative  values  are  probably  accurate  to  a  or  3  per  cent. 
Purified  electrolytic  hydrogen  was  used.  (4)  Experimental  interpretation  of  the 
breaks,  which  agrees  in  general  with  the  previous  theoretical  interpretation  based 
on  quantum  theory,  is  as  follows:  radiation  from  the  atom  at  lo.i  and  at  la.a 
volts,  corresponding  to  the  first  two  terms  of  the  Lyman  series;  ionization  of  the 
molecule  at  11.5  volts  and  of  the  atom  at  13.6  volts;  dissociation  of  the  molecule 
and  radiation  at  ia.9  volts;  finally,  dissociation  of  the  molecule  and  ionization  of 
one  of  its  parts  at  16.0  volts.  The  energy  required  for  dissociation  of  the  molecule 
is  therefore  equivalent  to  about  a.8  volts. 

Introductory. 

THE  conclusions,  which  have  been  published  by  recent  investigators 
on  the  critical  potentials  of  hydrogen,  were  collected  and  tabulated 
in  a  recent  paper  by  Professor  K.  T.  Compton  and  the  author.^  Since 
that  time,  reports  by  Mohler,  Foote,  and  Kurth*  and  O.  S.  Duffendack* 
and  a  paper  by  P.  E.  Boucher^  have  been  added  to  the  list  of  references. 
The  effects  which  have  been  observed  fall  under  five  heads,  which  are 

noted  in  Table  I. 

Table  I. 


Type  of  Effect. 

Radiation 

Ionization 

Dissociation  plus  radiation. . . 

Ionization 

Dissociation  plus  ionization . . 


Due  to 


First  Obserred  at 


Atom 

Molecule 

Molecule 

Atom 

Molecule 


10.0  to  11.0  volts 
10.8  to  11.5  volts 
12.5  to  13.9  volts 

13.1  to  14.4  volts 
15.8  to  17.1  volts 


»  K.  T.  Compton  and  P.  S.  Olmstead.  Phys.  Rev.,  17,  45,  192 1. 

*  Mohler.  Foote  and  Kurth,  Phys.  Rev.,  19,  414,  1922. 
*0.  S.  Duffendack,  Phys.  Rev.,  19,  533,  1922. 

*  P.  E.  Boucher.  Phys.  Rev.,  19,  189,  1922. 
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Except  in  the  work  of  Mohler,  Foote,  and  Kurth  and  of  Duffendack,  the 
interpretations  which  appear  in  the  second  column  of  the  table  are  the 
result  of  comparison  of  observed  radiation  and  ionization  potentials 
with  the  theoretical  potentials  based  on  some  theory  of  the  hydrogen 
molecule.  The  present  paper  deals  with  an  experimental  separation  of 
the  effects  which  are  due  to  the  atom  from  those  which  are  due  to  the 
molecule. 

Apparatus.    Treating  of  its  Special  Features. 

The  apparatus  used  in  this  work  was  the  one  which  was  described  in 
a  previous  paper^  as  one  to  **  permit  of  more  refined  observations  to  test 
some  of  the  considerations  involved  in  the  problem."     In  Fig.  i  it  is 


Fig,  1. 

seen  in  cross-section.  It  consisted  of  a  glass  tube  containing  the  usual 
elements  of  a  Lenard  typ  of  ionization  tube,  with  the  addition  of  a 
heating  arrangement  placed  as  close  as  possible  to  the  gauze.  At  F  was 
a  spiral  tungsten  filament  (seen  in  cross-section,  end  on),  across  which 
the  voltage  drop  was  1.6  to  1.7  volts  for  a  current  of  3.5  to  4.0  amperes. 
The  spiral  consisted  of  three  turns  only,  in  the  middle  of  the  filament. 
Since  this  part  of  the  filament  was  hotter  than  the  rest,  and  since  the 
potential  drop  across  the  spiral  part  was  but  a  small  fraction  of  a  volt, 
the  filament  was  practically  an  equipotential  source  of  electrons.  At  G 
was  a  gauze  covering  one  end  of  a  platinum  cylinder,  which  was  connected 
with  the  galvanometer  by  a  lead  through  a  side-tube  L,  in  order  to  meas- 
ure the  total  electron  emission  from  the  filament.  As  close  as  possible 
to  the  gauze  and  between  it  and  the  filament,  was  a  heating  grid,  con- 
sisting of  twenty  fine  tungsten  wires  TT  strung  between  two  copper 
plates  HH  so  that  the  wires  of  the  grid  were  perpendicular  to  the  filament. 

*  Loc.  cit. 
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The  copper  plates  were  insulated  from  the  gauze  and  its  supporting 
cylinder  by  small  quartz  blocks.  The  electrical  connections  to  the  grid 
were  made  by  means  of  heavy  copper  wires  to  the  plates  sealed  through 
the  long  glass  tubes  BB^  with  De  Khotinsky  cement  at  their  ends.  It  was 
necessary  to  keep  these  tubes  very  cool  to  prevent  the  cement  from 
melting  due  to  the  heat  conducted  along  the  wires.  The  second  special 
feature  of  the  apparatus  was  the  receiving  electrode  or  plate.  This 
consisted  of  two  parts — a  single  platinum  wire  P  of  small  cross-sectional 
area,  and  a  platinum  cup  C  which  surrounded  P  and  could  either  be  joined 
to  P  or  insulated  from  it.  When  joined  and  connected  to  the  elec- 
trometer the  combined  effect  of  radiation  and  ionization  was  observed, 
while  if  P  alone  were  connected  to  the  electrometer,  ionization  only  was 
measured,  since  the  area  of  P  was  too  small  to  intercept  enough  radiation 
to  give  an  appreciable  photoelectric  effect.  Suitable  guard  rings  were 
placed  at  strategic  points  to  prevent  leakage  to  the  electrometer.  One 
of  these  is  shown  at  W,  At  D  was  a  connection  to  the  diffusion  pump, 
McLeod  gauge,  and  source  of  hydrogen.  Between  them  and  the  tube 
were  two  liquid  air  traps,  the  one  nearest  the  tube  being  filled  with 
coconut  charcoal. 

The  hydrogen  was  obtained  as  in  the  previous  work  by  the  electrolysis 
of  sulphuric  acid.  The  processes  involved  in  purifying  the  gas  are 
explained  in  the  previous  paper.  The  tube  was  ** baked  out"  by  heating 
in  a  furnace  to  about  300°  C,  keeping  the  tube  pumped  out  at  the  same 
time.  It  was  further  cleansed  of  the  unwelcome  residual  gas  by  "washing 
out"  with  hydrogen,  the  hydrogen  being  introduced  and  pumped  out 
at  various  times  during  the  baking. 

The  tungsten  grid  TT^  placed  as  close  to  the  region  of  effective  electron 
impacts  as  possible  without  introducing  disturbing  effects  from  positive 
thermions,  served  to  vary  the  proportion  of  dissociated,  or  atomic, 
hydrogen.^  Any  effect  which  was  relatively  enhanced  by  raising  the 
grid  to  a  high  temperature  must  be  due  to  atomic  hydrogen.  Similarly, 
any  effect  which  was  relatively  more  pronounced  when  detected  by  the 
point  P  than  by  the  cup  C  was  attributed  to  ionization. 

The  method  of  obtaining  the  experimental  readings  was  such  as  to 
give  the  greatest  relative  accuracy.  Under  the  same  conditions  of  gas 
pressure  and  current  flow  in  the  gas,  as  observed  in  the  galvanometer 
deflections,  it  was  possible  to  duplicate  the  values  of  the  electrometer 
readings  at  specified  accelerating  voltages  to  within  two  or  three  per  cent, 
in  different  runs,  even  in  the  region  of  greatest  variation  of  the  elec- 
trometer readings  with  the  accelerating  voltage,  i.e.,  in  the  region  from 

1  Langmuir,  Jour.  Amer.  Chem.  Soc.,  37.  417.  ipiS- 
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15  to  16  volts.  In  fact  the  individual  curves  from  which  the  "Grid  off 
for  Radiation*'  average  curve  (Fig.  2)  was  obtained  differed  from  the 
average  by  less  than  one  per  cent. 


",       *.**-^J*  14  15  M  If  li 

AecaUrat&ng  PotcntiAl  ib  volt* 

Fig.  2. 
"Grid  oflf  for  Radiation"  Curve  Breaks:   11.4;  12.9;  16.0. 

Experimental  Results. 

In  this  tube  are  two  totally  independent  elements  which  may  be  varied 
independently,  and  hence  we  expect  to  find  four  types  of  experimental 
results.  First,  we  may  connect  only  the  platinum  point  P  to  the  elec- 
trometer, and  have  the  grid  on.  Curves  obtained  with  this  set-up  are 
called  *'Grid  on  for  Ionization**  curves  and  will  be  denoted  by  /  (on). 
Next,  we  may  keep  the  electrometer  connections  the  same  but  turn  the 
grid  off.  This  gives  a  set  of  **Grid  off  for  Ionization*'  curves  and  they 
will  be  denoted  by  /  (off).  The  two  other  possibilities  are  obtained  by 
connecting  the  cup  C  as  well  as  the  point  P  to  the  electrometer,  giving 
the  arrangement  suitable  for  observing  the  combined  effect  of  radiation 
and  ionization.  We  then  get  the  sets  of  curves — **Grid  on  for  Radia- 
tion,** R  (on),  and  "Grid  off  for  Radiation,**  R  (off).  These  four  types 
of  curves  are  illustrated  by  the  average  curves  (Figs.  2,  3,  4  and  5), 
each  of  which  is  the  average  of  a  number  of  independent  runs.  These 
curves  have  been  corrected  from  the  observed  relations  by  adjusting  the 
accelerating  voltage  on  each  of  the  original  curves  so  that  the  big  "  break,** 
which  corresponds  to  dissociation  of  the  molecule  plus  ionization  of  one 
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of  its  parts,  may  come  at  16.0  volts.  The  adjustment  was  an  empirical 
one  which  made  the  line  representing  the  slope  of  the  curve  after  passing 
the  break  point  cut  the  line  representing  the  slope  of  the  curve  before 
reaching  the  break  point.     Since  this  intersection  depends  largely  on  the 


a  . 


Fig.  3. 
"Grid  oflf  for  Ionization"  Curve  Breaks:   10.1;  11.5;  16.0. 

way  in  which  the  intersecting  lines  are  chosen,  the  plots  were  consistently 
made  so  that  the  line  on  either  side  of  the  break  point  was  fairly  straight 
for  a  region  of  two  volts.  Velocity  distribution  curves  were  not  generally 
taken,  since  the  object  of  this  work  was  to  find  the  peculiarities  of  the 
lower  breaks  and  to  locate  their  positions  relative  to  the  large  breaks. 

In  order  to  obtain  a  convenient  comparison  between  the  different 
effects,  four  ratio  curves  were  computed.  These  are  based  on  the  four 
average  curves  typifying  the  four  sets  of  experimental  results.  Each  of 
these  average  curves  shows  the  average  of  several  experimental  curves 
which  were  taken  under  approximately  similar  conditions  of  pressure  of 
hydrogen,  and,  to  a  certain  extent,  of  electron  current  as  given  by  the 
galvanometer  readings.  With  regard  to  this  it  was  found  that,  if  the 
pressure  and  accelerating  voltage  were  kept  constant,  the  ratio  of  the 
electrometer  reading  to  the  galvanometer  reading  E/G  would  be  approxi- 
mately constant.  Thus  in  all  these  results  it  is  this  ratio,  or  the  elec- 
trometer deflection  per  unit  bombarding  current  of  electrons,  which 
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Fig.  4. 
"Grid  on  for  Radiation"  Curve  Breaks:   10.2;  11.4;  12.2;  12.9;  13.7;  16.0. 


Fig.  5. 
"Grid  on  for  Ionization"  Curve  Breaks:   10.1;  11.5;  13.6;  16.0. 
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has  been  plotted  against  the  accelerating  voltage.    Then  from  these 
curves  were  obtained  the  ratio  curves: 

I  (on)  ,        R  (on)  ,        R  (on)  ,        R  (off)  . 
/(off)  i?(ofr)  /  (on)  I  (off) 

These  are  shown  in  Figs.  6,  7,  8  and  9.     The  values  for  the  points  for 


Fig.  6. 
Ratio  Curve  for  /  (on)//  (off). 

these  ratio  curves  were  obtained  from  the  calculated  values  of  the  averages 
rather  than  by  reading  the  curves,  so  that  the  ratio  curves  themselves 
are  experimental  curves  and  have  not  been  smoothed  by  smoothing  the 
average  curves  in  any  way. 


11  IS  IS  U  19 

Fig.  7. 
Ratio  Curve  for  R  (on)/R  (oflF). 

Discussion  of  Results. 

The  interpretation  of  these  results  will  be  considerably  facilitated  if 
first  a  careful  study  is  made  of  the  way  in  which  the  individual  ratio  curves 
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should  behave.  Take,  for  instance,  the  ratio  /  (on)//  (off).  Fig.  6. 
With  the  grid  on  we  should  get  a  greater  concentration  of  atomic  hydro- 
gen; hence  when  this  ratio  is  greater  than  unity  it  means  that  the  effect 
due  to  the  atom  has  been  increased  relative  to  that  due  to  the  molecule. 
Thus,  any  effect  which  tends  to  bend  the  ratio  curve  toward  the  unity 


•  Fig.  8. 

Ratio  Curve  for  R  (on)//  (on). 

line  would  be  interpreted  as  an  increase  in  an  effect  due  to  the  molecule 
while  anything  which  turns  the  slope  away  from  the  unity  line  would  be 
taken  as  due  to  the  atom.  The  same  thing  may  be  said  of  the  ratio 
R  {on)lR  (off).  Fig.  7.  Now  let  us  consider  the  conclusions  which  may  be 
drawn 


Fig.  9. 

Ratio  Curve  for  R  (off)//  (off). 
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from  the  two  curves.  If  the  ionization  curves  should  show  the  increased 
effect  due  to  the  hot  grid,  but  the  radiation  curves  should  not,  the  effect 
itself  would  be  taken  as  ionization  and  also  as  due  to  the  atom.  In  like 
manner  it  is  possible  to  get  further  differentiations  of  ionization  and 

radiation. 

Table  II. 

Dala  Obtained  from  the  Ratio  Curves. 


Range  of  the 
Effect  (Volts). 


Intef  pf  etatioii . 


9.50  to  10.2... 


10.2  to  11.4. 


11.4  to  12.1. 


12.1  to  13.0. 


13.0  to  15.0. . . 


15.0  to  limit  of 
investigation . 


Radiation  from  atom 


Ionization  due  to  molecule 


Radiation  from  atom 


Radiation  from  molecule 


Ionization  due  to  atom 


Ionization  due  to  molecule 


^(on)  .  R  (off)  ^^^  ^  ^  ^.  ^ 
-r— — r  and  ,  -  ^7  both  start  high. 
/  (on)  /  (off) 


R(on) 


curve  starts  high  and  increases. 


R(off) 

Both  -■  curves  decrease  sharply. 
Effect  is  not  increased  by  grid  on. 
Strong  mcrease  m  -•  curves. 

Upward  tendency  m  \^  ,  ^^  curve. 


R 


R(off) 


-J  curves  show  no  falling  off. 


R  (on) 
R  (off) 
ward. 
R  (on) 


curve  slightly  deflected  down- 


/(on) 
Riofi) 


curve  strongly  flattened. 


/  (off) 
/(on) 

/  (off) 
R  (on) 

R  (off) 
upward 


curve  practically  unaffected, 
curve  increases  strongly, 
curve  very  slightly  inflected 


Strong  decrease  in  —  curves. 

No  mcrease  m  -^  ,  -\  curve. 
R  (off) 

Strong  decrease  in  curve. 

/  (off) 


The  Other  two  ratio  curves  also  have  certain  peculiarities.  The  grid 
remains  unchanged  while  the  type  of  effect  is  varied.  If  the  radiation 
effect  is  large  relative  to  the  ionization  effect,  the  curve  will  be  greater 
than  unity,  whereas  if  the  effect  is  mainly  ionization  the  curve  will  tend 
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to  remain  near  unity.  Those  effects  which  tend  to  bend  the  curve  away 
from  the  unity  line  are  due  to  radiation  and  those  which  tend  to  bend  it 
toward  the  unity  line  are  due  to  ionization. 

Considered  with  this  interpretation  of  their  behavior,  these  four  curves 
make  it  possible  to  construct  Table  II.  This  shows  the  whole  field 
of  the  investigation  blocked  off  into  units,  and  gives  the  type  of  effect 
that  is  most  important  in  each  unit.  It  remains  to  indicate  the  way  in 
which  these  units  are  consistent  with  the  breaks  that  appear  on  the  experi- 
mental curves  (Figs.  2,  3,  4  and  5).  As  in  the  case  of  the  ratio  curves 
we  will  first  consider  what  may  be  expected  to  happen  in  each  of  these 
average  curves.  With  the  grid  off  we  should  not  expect  effects  due  to 
the  atoms,  but  on  the  other  hand  effects  due  to  molecules  would  be 
very  sharp.  Thus  on  the  '*Grid  off  for  Ionization"  curve  only  ionization 
from  molecules  should  be  observed.  Similarly,  on  the  "Grid  off  for 
Radiation"  curve  we  should  observe  radiation  and  ionization  from  the 
molecules  only.  On  the  other  hand  the  curves  with  the  grid  on  should 
give  both  the  molecular  and  atomic  effects.  The  ''Grid  on  for  Radia- 
tion" curve  should  give  all  the  breaks  and  the  ''Grid  on  for  Ionization" 
curve  all  the  ionization  but  none  of  the  radiation  effects.  Accordingly, 
if  we  turn  to  the  curves  themselves,  we  may  classify  our  results  as  shown 
in  Table  III.  We  note  that,  except  for  the  last  item,  just  the  effects 
expected  according  to  the  above  analysis  are  observed.  We  are  therefore 
compelled  to  ask  the  question,  "Why  do  we  get  an  effect  due  to  radiation 


Table  III. 

Breaks  Observed  on  the  Experimental  Curves. 


Podtion. 

Obserred 

At 

(Volts) 

Intol  pi  6tAtuMi. 

Curre. 

16.0 

16.0 

Diseociation  of  molecule  plus  ioniza- 

"Grid on  for  Ionization" 

16.0 

tion  of  one  atom 

"Grid  off  for  Ionization" 

16.0 

"Grid  on  for  Radiation" 

16.0 

"Grid  off  for  Radiation" 

13.6 

13.6 

Ionization  of  atom 

"Grid  on  for  Ionization" 

13.7 

"Grid  on  for  Radiation" 

12.9 

12.9 

Dissociation  of  molecule  plus  radia- 

"Grid on  for  Radiation" 

12.9 

tion  from  one  atom 

"Grid  off  for  Radiation" 

12.2 

12.2 

Radiation  from  atom 

"Grid  on  for  Radiation" 

11.5 

11.5 

Ionization  of  molecule 

"Grid  on  for  Ionization" 

11.5 

"Grid  off  for  Ionization" 

11.4 

"Grid  on  for  Radiation" 

11.4 

"Grid  off  for  Radiation" 

10.1 

10.1 

Radiation  from  atom 

"Grid  on  for  Ionization" 

10.1 

"Grid  off  for  Ionization" 

10.2 

"Grid  on  for  Radiation" 
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from  the  atom  in  three  sets  of  curves  when  we  expect  it  only  in  one?" 
This  is  easily  answered  when  the  electrical  connections  which  were  used 
for  ionization  and  for  radiation  are  considered.  It  is  seen  that  in  the 
"Grid  oflF  for  Radiation"  curve  the  effect  is  not  observed,  which  is  as 
.expected.  With  the  connections  for  ionization,  however,  there  is  a 
larger  volume  of  gas  in  which  the  effective  collisions  take  place  and,  since 
no  ionization  of  any  kind  was  detected  below  11.5  volts,  any  small  effect 
before  that  must  be  due  to  radiation.  To  account  for  a  certain  amount 
of  atomic  effect  present  even  when  the  grid  is  off  we  turn  to  the  filament 
itself.  This  is  very  hot,  and  besides  giving  off  electrons,  is  able  to  de- 
compose a  certain  amount  of  the  gas  near  it.  Whatever  effect  is  present 
in  the  region  of  10  to  11  volts  would  be  more  noticeable  than  any  effect 
of  the  same  order  of  magnitude  farther  up  in  the  curve  where  it  would 
be  superimposed  on  another  effect  of  a  much  larger  magnitude.  For  this 
reason  it  is  possible  to  detect  the  radiation  from  the  10.  i  volt  effect  even 
with  the  point  P  alone  as  the  detecting  electrode. 

In  discussing  these  curves  we  should  not  overlook  the  characteristics 
of  the  breaks.  We  note  that  the  break  at  16.0  volts  is  not  as  sharp  nor 
as  distinct  as  the  others  but  seems  to  start  a  volt  or  more  before  the  steep 
rise  in  the  curve  takes  place.  We  note  that  the  other  breaks  are  singu- 
larly distinct,  so  that  it  is  usually  possible  to  draw  smooth  curves  on  either 
side  of  the  break  so  that  they  either  pass  through  all  the  observed  points 
or  at  most  neglect  one  or  two.  The  obvious  explanation  of  this  difference 
is  that  it  is  due  to  the  fact  that  all  the  electrons  emitted  by  the  filament 
do  not  have  the  same  velocity,  so  that  it  is  possible  for  some  of  the 
electrons  to  have  the  velocity  required  to  produce  the  observed  effect 
with  a  smaller  accelerating  potential  than  others.  For  this  reason  we 
need  a  sliding  scale  to  determine  at  what  true  voltage  the  various  effects 
set  in. 

Suppose  that  Pm  is  the  probability  of  an  electron  striking  a  molecule 
of  gas;  Pa  the  probability  of  striking  an  atom  of  the  gas;  and  p  the 
probability  of  an  electron  being  emitted  from  the  filament  with  a  velocity 
sufficient  to  produce  the  desired  effect.  Pm  will  be  proportional  to  the 
number  of  molecules  in  a  unit  volume  of  the  gas  and  therefore  is  prac- 
tically proportional  to  its  pressure,  since  the  partial  pressure  of  the 
atoms  is  always  small.  In  like  manner  the  value  of  Pa  will  be  propor- 
tional to  the  number  of  atoms  in  the  gas.  We  know  that  there  is  always 
a  relationship  between  the  number  of  atoms  and  molecules  which  remain 
in  equilibrium  at  any  temperature.  This  relationship  depends  on  thermo- 
dynamical  considerations.  If  we  supply  energy  to  the  gas  we  can  keep 
a  larger  proportion  of  the  particles  in  the  atomic  form.     In  this  work 
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this  was  made  possible  by  the  introduction  of  the  heating  grid.  Even 
when  the  grid  is  off  a  certain  amount  of  atomic  hydrogen  will  be  in  the 
tube  due  to  dissociation  by  the  filament  itself.  This,  of  course,  is  not 
formed  at  the  place  where  it  is  most  effective  and  thus  it  will  be  observed 
only  when  the  other  effects  are  almost  negligible  in  comparison.  To. 
take  a  numerical  analogy  to  the  situation  here,  suppose  that  there  were 
in  the  case  with  the  grid  off  99  molecules  to  every  i  atom.  Then  the 
observed  effects  due  to  the  molecule  would  be  99  times  as  strong  as  that 
due  to  the  atom.  Then  let  us  suppose  that  with  the  grid  on  we  have  90 
molecules  to  every  10  atoms.  Now  the  effect  due  to  the  molecule  is  only 
9  times  that  due  to  the  atom,  but  we  have  also  changed  two  other  factors. 
The  effect  due  to  the  atom  has  been  increased  10  times  and  the  effect 
due  to  the  molecule  has  been  slightly  decreased,  but  has  practically  the 
same  value  as  before.  Thus  we  see  we  can  express  the  probability  of 
striking  an  atom  in  terms  of  the  probability  of  striking  a  molecule  as 

where  fe  is  a  constant  depending  on  the  linear  relation  of  the  number  of 
atoms  to  the  number  of  molecules,  or  in  this  particular  case  on  the 
amount  of  dissociation  produced  by  the  grid.  But,  in  addition  to  striking 
a  molecule  or  atom,  we  must  have  a  transfer  of  energy  at  the  collision 
in  order  to  produce  the  desired  effect.  If  the  electron  making  the  collision 
does  not  have  sufficient  energy  to  produce  the  effect,  the  energy  cannot 
be  transferred.  On  the  other  hand,  if  the  electron  has  more,  it  can,  of 
course,  give  it.  We  know  that  the  energy  of  an  electron  is  proportional 
to  the  square  of  its  velocity,  so  if  we  assume  Maxwell's  Law  of  Distribu- 
tion of  Velocities  we  can  get  an  idea  of  the  probability  of  having  a 
particular  velocity  or  more,  and  in  so  doing  get  a  corresponding  proba- 
bility of  having  a  specified  amount  of  energy  or  more.  This  is  a  more  diffi- 
cult thing  to  consider.  In  Table  IV.  is  given,  against  tenths  of  the  mean 
energy,  the  percentage  of  electrons  having  less  than  the  specified  part  of  the 
mean  energy  (F),  the  percentage  of  electrons  having  more  than  the  speci- 
f  ed  part  of  the  mean  energy  (i  —  F),  the  percentage  of  electrons  having 
energies  in  the  interval  between  two  successive  specified  divisions  of  the 
energies  (dF),  and  the  mean  energy  of  all  electrons  having  energy  greater 
than  the  amount  specified  in  the  first  column.  This  is  expressed  in  terms  of 
the  mean  energy  of  all  the  electrons  and  in  equivalent  volts.  Thus,  to 
take  a  specific  example,  50.64  per  cent,  of  the  electrons  have  less  than  0.8 
times  the  mean  energy,  49.36  per  cent,  have  more,  and  the  mean  energy 
of  these  49.36  per  cent,  is  1.61  times  the  mean  energy  of  all  the  electrons, 
or  0.97  volt.      The  expression  in  equivalent  volts  is  obtained  from  the 
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average  correction  for  a  filament  temperature  of  2350°  to  2400°  K. 
This  has  been  found  to  be  0.60  volt.^  The  values  given  in  the  last  two 
columns  were  obtained  by  mechanical  integration,  the  steps  used  being 
those  tabulated. 

Table  IV. 


No.  of  Tfanet 
MMnXnergy. 

F. 

I  -F. 

dP, 

Moan  Energy  of  Group 

Times  £7 

% 

% 

% 

Times  £. 

Volts. 

0.0 

0.00 
3.99 

100.00 
96.01 

3.99 

1.00 
1.04 

0.60 

0.1 

0.62 

0.2 

10.35 
17.46 
24.70 

31.77 
38.51 
44.81 

89.65 
82.54 
75.30 

» 

68.23 
61.49 
55.19 

6.36 
7.11 
7.24 

7.07 
6.74 
6.30 

1.10 
1.18 
1.26 

1.34 
1.43 
1.52 

0.66 

0.3 

0.71 

0.4 

0.76 

0.5 

0.81 

0.6 

0.86 

0.7 

0.91 

0.8 

50.64 
55.97 

60.84 
65.24 
69.22 
72.75 
75.93 

49.36 
44.03 

39.16 
34.76 
30.78 
27.25 
24.07 

5.83 
5.33 

4.87 
4.40 
3.98 
3.53 
3.18 

1.61 
1.70 

1.79 
1.89 
1.98 
2.08 
2.18 

0.97 

0.9 

1.02 

1.0 

1.07 

1.1 

1.13 

1.2 

1.19 

1.3 

1.25 

1.4 

1.31 

1.5 

78.77 

21.23 

2.84 

2.27 

1.36 

1.6 

81.30 

18.70 

2.53 

2.37 

1.42 

1.7 

83.54 

16.46 

2.24 

2.46 

1.48 

1.8 

85.53 

14.47 

1.99 

2.56 

1.54 

1.9 

87.28 

12.72 

1.75 

2.66 

1.60 

2.0 

88.84 

11.16 

1.56 

2.76 

1.66 

2.2 

91.42 

8.58 

2.58 

2.96 

1.78 

2.4 

93.48 

6.52 

2.06 

3.18 

1.91 

2.6 

94.96 

5.04 

1.48 

3.41 

2.05 

2.8 

96.16 

3.84 

1.20 

3.63 

2.18 

3.0 

97.07 

2.93 

.91 

3.85 

2.31 

3.5 

98.52 

1.48 

1.45 

4.44 

2.66 

4.0 

99.26 

.74 

.74 

5.12 

3.07 

5.0 

99.72 

.28 

.46 

6.15 

3.69 

6.0 

99.88 

.12 

.16 

7.00 

4.20 

Applying  this  to  the  curves  that  we  have  obtained,  we  get  the  informa- 
tion given  in  Tables  V.  and  VI.     Here  we  have  assumed  that  at  the  16.0- 

*  Sih  Ling  Ting,  Roy.  Soc.  Proc.,  98,  374,  192 1. 
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volt  break  we  can  express  the  magnitude  of  the  new  effect  coming  in  as 
a  function  of  the  number  of  electrons  with  sufficient  energy  to  produce 
the  effect.  If  no  new  effect  were  coming  in,  the  curve  would  continue 
to  increase  smoothly  and,  supposedly,  would  tend  to  flatten  out,  but  the 
new  effect  starts  the  curve  upward  again.  In  the  early  part  of  the  curve 
this  effect  is  due  only  to  a  few  of  the  electrons,  but,  with  increasing 
voltage,  more  are  able  to  produce  the  effect.  It  is  assumed  that  in  this 
interval  of  about  a  volt  or  a  volt  and  a  half  the  major  part  of  the  difference 
between  the  extrapolated  curve  and  the  observed  curve  is  due  to  the 
distribution  of  velocities.  To  obtain  a  significant  quantity  the  difference 
between  the  observed  and  extrapolated  curves  was  divided  by  the 
percentage  of  electrons  with  total  energy  sufficient  to  take  part  in  pro- 
ducing the  effect.  If  we  are  correct  in  assuming  that  all  electrons  with 
energies  greater  than  i6  volts  are  equally  likely  to  produce  ionization  at 
impact  (which  is  probably  nearly  true  in  the  small  range  of  velocities 


Table  V. 


Accel. 

COfTOCtUMI. 

Percent, 
hsvinc 

tbSr 

Correc- 
tion. 

Grid  off  for  Rsdktioii. 

Grid  on  for  Rsdistion. 

Potea., 
Volts. 

Volts. 

E. 

ReMl- 

inc. 

Bxtr. 
Curre. 

Differ- 
ence. 

%. 

Read- 
ing. 

Bxtr. 
Curve. 

Differ- 
ence. 

Dif, 

15.00 

1.75 

2.92 

2.8 

2.8 

2.8 

0.0 

0.00 

2.5 

2.5 

0 

.00 

15.25 

1.50 

2.50 

4.5 

3.3 

3.2 

0.1 

0.02 

3.1 

2.9 

0.2 

.05 

15.50 

1.25 

2.09 

7.5 

4.2 

3.6 

0.6 

0.08 

4.0 

3.1 

0.9 

.12 

15.75 

1.00 

1.67 

12.7 

5.8 

4.0 

1.8 

0.14 

5.1 

3.4 

1.7 

.13 

16.00 

0.75 

1.25 

21.5 

7.4 

4.4 

3.0 

0.14 

6.6 

3.8 

2.8 

.13 

16.25 

0.50 

0.84 

37 

9.2 

4.8 

4.4 

0.12 

8.6 

4.1 

4.5 

.12 

16.50 

0.25 

0.42 

62 

12.9 

5.2 

7.7 

0.12 

11.9 

4.5 

7.4 

.12 

16.75 

0.00 

0.00 

100 

16.1 

5.6 

10.5 

0.11 

14.5 

4.8 

9.7 

.10 

Table  VI. 


Accel. 

Correction. 

Per 

Cent. 
Having 

this 
Correct. 

(%)"«. 

Grid  off  for  Ionization. 

Grid  on  for  Ionization. 

Poten. 
Volts. 

Volts. 

E, 

Read- 
ing. 

Bxtr. 
Curve. 

Differ- 
ence. 

Diff, 

Read. 

Bztr. 
Curve. 

Differ- 
ence. 

Diff, 

15.00 

1.75 

2.92 

2.8 

4.7 

0.4 

0.4 

0.0 

0.000 

1.3 

1.3 

0.0 

0.000 

15.25 

1.50 

2.50 

4.5 

9.6 

0.5 

0.4 

0.1 

0.010 

1.6 

1.4 

0.2 

0.022 

15.50 

1.25 

2.09 

7.5 

20.6 

0.9 

0.4 

0.5 

0.024 

2.0 

1.6 

0.4 

0.019 

15.75 

1.00     1.67 

12.7 

45.6 

1.8 

0.4 

1.4 

0.031 

2.8 

1.8 

1.0 

0.022 

16.00 

0.75     1.25 

21.5 

100 

4.1 

0.5 

3.6 

0.036 

4.2 

2.0 

2.2 

0.022 

16.25 

0.50     0.84 

37 

227 

8.7 

0.5 

8.2  '0.036 

7.1 

2.1 

5.0 

0.022 

16.50 

0.25     0.42 

62 

490 

15.2 

0.5 

,   14.7   1  0.030 

— 

— 

— 

— 

16.75 

0.00  1  0.00 

100 

1,000 

23.2 

0.6 

22.6 

0.023 

— 

— 

— 

— 
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considered)  then  this  ratio  should  be  constant.  For  the  radiation  curves 
as  given  in  Table  V.  we  see  that  the  constancy  of  the  ratio  is  well  estab- 
lished from  15.75  to  16.50,  a  region  about  one  volt  in  length.  This  is 
about  as  much  as  can  be  expected.  In  these  calculations,  though  pro- 
vision is  made  for  the  increasing  eflfect  of  the  new  break,  we  have  not 
made  the  further  correction  in  the  falling  off  of  the  old  break.  If  this 
is  done  Tables  V.  and  VI.  are  changed  to  Table  VII.     In  Table  VI.  we 

Table  VII. 


AocttLPoten. 
Volts. 

1.(011)  W. 

.C»)^- 

/(off)   ^^• 

(%)•«. 

/  (on)  J2*£i. 

15.00 

0.03 

0.03 

0.000 

0.000 

15.25 

0.07 

0.07 

0.010 

0.031 

15.50 

0.12 

0.15 

0.024 

0.029 

15.75 

0.18 

0.17 

0.033 

0.026 

16.00 

0.18 

0.17 

0.038 

0.026 

16.25 

0.17 

0.16 

0.037 

0.026 

16.50 

0.18 

0.16 

0.031 

16.75 

0.16 

0.15 

0.023 

note  that  in  order  to  obtain  even  an  approximation  to  linearity  the  three- 
halves  power  of  the  per  cent,  must  be  used.  This  only  goes  to  show  that 
conditions  in  the  tube  are  different  in  the  two  types  of  effect.  It  may 
well  be  that  when  a  charged  nucleus  is  accelerated  only  in  the  direction 
of  emission  of  the  electrons  the  effects  due  to  it  are  linear  but  when  it  is 
forced  to  move  in  a  curved  path  it  obeys  a  different  law.  This  is  the 
case  in  the  present  problem.  When  the  connections  are  arranged  for 
observing  radiation  and  ionization  together,  the  charged  molecules  or 
atoms  move  on  toward  the  plate  in  straight  lines.  On  the  other  hand,  in 
the  arrangement  to  observe  only  ionization  these  particles  are  accelerated 
in  a  direction  different  from  that  in  which  they  were  moving.  For  this 
reason  they  will  be  traveling  in  orbits  which  will  approximate  parabolas 
with  the  wire  point  as  their  fcK:i.  Only  in  the  case  when  the  attraction 
is  sufficiently  great  to  bring  the  orbit  within  the  small  region  occupied  by 
the  wire  will  the  effect  of  the  charged  particle  in  the  orbit  be  recorded. 
Another  factor  tending  to  increase  the  effect  in  the  ionization  curves  is 
that  more  molecules  and  atoms  may  participate  in  collisions  which  will 
give  observable  effects.  This  is  illustrated  in  Figs.  10  and  11.  In  Fig. 
10,  all  the  collisions  must  take  place  in  the  neighborhood  of  the  gauze 
while  in  Fig.  11,  the  collisions  may  take  place  in  the  whole  region  sur- 
rounded by  the  gauze  and  cup  which  are  kept  at  the  same  potential. 
We  find  by  a  study  of  the  results  that  the  effect  is  increased  so  that  it 
varies  with  the  three-halves  power  of  the  accelerating  voltage. 
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Up  to  this  point  the  question  of  the  determination  of  the  position  of 
the  break  point  has  been  based  on  an  arbitrary  assumption  that  the 
curve  assumes  a  more  or  less  linear  character  both  before  and  after  the 
break  point.     Nothing  has  been  mentioned  to  indicate  whether  this  type 
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Fig.  10. 


Fig.  11. 


of  determination  of  the  break  should  be  more  or  less  accurate  than  the 
usual  one  of  taking  the  point  of  rise  in  the  curve  as  the  real  break  point. 
It  has  just  been  shown,  however,  that  the  curve  has  a  roundness  at  the 
break  point  providing  the  break  is  so  pronounced  that  the  effect  of  the 
distribution  of  velocities  becomes  an  important  factor.  If  we  consider 
the  weaker  breaks,  which  do  not  have  this  large  distribution  of  velocity 
factor,  we  find  that  the  curve  on  the  two  sides  of  the  break  is  almost 
given  by  straight  lines  which  are  inclined  to  each  other  at  a  small  angle. 
This  means  that  if  we  were  able  to  obtain  a  more  accurate  set  of  values 
near  this  point  and  could  plot  them  on  a  larger  scale  we  would  find  a 
similar  distribution  of  velocity  curve.  Conversely,  if  we  should  plot  on 
a  much  smaller  scale  the  curve  near  the  stronger  breaks,  where  we 
observe  the  distribution  of  velocity  correction,  we  would  find  that  the 
limit  of  the  curve  would  be  two  straight  lines  intersecting  at  the  break 
point.  This  is  the  real  significance  of  this  criterion  for  a  break.  It 
actually  makes  the  position  of  the  break  independent  of  whether  the 
effect  observed  is  large  or  small.  Now  concerning  the  accuracy  with 
which  the  break  is  fixed,  we  must  again  consider  these  two  types  of  effect. 
The  large  effects  are  sometimes  so  large  that  the  scale  must  change  at 
least  once  in  passing  through  the  break  point.  This  means  that  we  must 
use  care  in  selecting  the  particular  curve  which  gives  the  correct  break 
point.  Obviously  the  only  one  to  use  is  the  one  to  a  scale  which  can 
show  the  curve  for  at  least  one  or  two  volts  on  either  side  of  the  break 
point.  The  intersection  of  the  tangents  which  most  nearly  express  the 
remaining  portion  of  the  curve  on  either  side  of  the  break  then  gives  the 
correct  break  point.  We  find  that  this  gives  a  probable  error  of  about 
.2  volt  in  almost  every  case.     Thus  we  obtain  all  breaks  properly  spaced 
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relatively  to  each  other,  independent  of  the  velocity  distribution,  if  we 
determine  the  position  of  each  when  plotted  to  a  scale  giving  a  difference 
of  slope  on  each  side  of  the  break  which  is  the  same  for  all. 

We  must  also  try  to  determine  the  absolute  accuracies  of  the  points 
of  discontinuity  of  each  curve.  Turning  to  the  spectroscopic  evidence 
we  note  that  the  lo.i-volt  and  the  13.5-volt  breaks  can  be  accurately 
computed  while  the  breaks  which  are  due  to  the  molecule  do  not  have  this 
additional  check.  We  have  already  shown  that  the  accuracy  of  the  big 
break  is  ±  .2  volt,  so  we  can  easily  compare  the  points  at  which  the 
breaks  occur  and  then  discuss  the  accuracy  of  the  positions.  If  we  com- 
pare the  values  for  the  small  breaks  with  the  values  predicted  on  the 
Bohr  Theory  and  find  how  they  are  fixed  relative  to  each  other  we  find 
that  the  agreement  is  extremely  good.  So  we  are  left  with  only  one 
break  to  fix  and  we  have  one  bit  of  evidence  that  helps  us  to  fix  that 
relatively  to  the  others.  Among  the  small  breaks  is  the  one  for  "dis- 
sociation of  the  molecule  plus  radiation  from  an  atom.**  This  was  found 
to  be  2.8  volts  higher  than  ''radiation  from  the  atom.**  This  2.8  volts 
is  therefore  the  energy  required  for  dissociation  of  the  molecule.  That 
means  that  in  order  to  fix  the  value  for  "dissociation  of  the  molecule  plus 
ionization  from  one  atom  **  we  must  have  from  the  figures  which  are  given 
13.6  +  2.8  or  16.4  volts.  The  result  obtained  was  16.0  ±  .2  volts  so 
that  the  values  check  with  a  maximum  accuracy  of  .2  volt,  or  to  a  mini- 
mum accuracy  of  .6  volt.  The  most  probable  tendency  is  to  place  the 
big  break  too  soon,  for  the  observer  is  always  anxious  to  note  the  begin- 
ning of  an  effect  though  it  might  be  better  for  him  to  determine  the  point 
at  which  the  full  effect  comes  in  rather  than  any  intermediate  point. 
In  this  case  we  might  suppose  that  the  small  breaks  were  observed 
only  when  the  velocity  of  all  electrons  was  sufficient  to  give  the  observed 
effect.  This  would  correspond,  in  the  case  of  the  big  break,  to  the  point 
at  which  the  intermediate  curve  had  a  slope  corresponding  to  the  slope 
of  the  curve  beyond  the  break.  This  adds  about  .5  volt  to  the  previous 
observed  value,  giving  us  16.5  as  a  better  position  of  the  break.  This 
seems  to  agree  a  bit  better  with  the  other  calculation.  However,  these 
suggestions  are  such  as  to  show  that  the  results  are  in  good  agreement 
and  are  really  not  sufficient  to  definitely  settle  the  exact  position  of  the 
big  break.  Probably  this  last  correction,  which  brings  the  value  up  to 
16.5  volts,  is  in  reality  too  much  and  the  actual  position  is  somewhere 
between  16.0  and  16.5  volts.  This  seems  the  only  logical  conclusion  at 
which  we  can  safely  arrive. 
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Conclusion. 

As  a  result  of  this  research,  Bohr's  Theory  of  the  Hydrogen  Atom  has 
been  experimentally  closely  verified,  since  both  the  first  and  second 
radiation  potentials,  corresponding  to  the  first  two  terms  of  the  Lyman 
Series,  have  been  obtained.  In  addition  it  has  been  conclusively  shown 
that  two  ionizing  potentials  of  the  molecule  exist,  the  first  at  1 1.5  volts 
leaving  the  molecule  positively  charged,  while  the  second  at  16.0-16.5 
volts  dissociates  the  molecule  and  ionizes  one  of  its  parts. 

In  conclusion,  the  writer  wishes  to  express  his  sincere  thanks  *to  Pro- 
fessor K.  T.  Compton  for  his  suggestions  and  assistance  in  carrying  out 
the  investigation. 

Palmer  Physical  Laboratory, 
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Note:  Fig.  10  should  show  the  point  P  and  the  cup  C  electrically 
connected  and  insulated  from  the  gauze. 
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POSITIVE-RAY  ANALYSIS  OF   POTASSIUM,    CALCIUM   AND 

ZINC. 

By  a.  J.  Dempster. 

Synopsis. 

Isotopes  of  potassium,  calcium  and  zinc  have  been  determined  by  poeitive-ray 
analysis,  using  the  apparatus  and  method  previously  described  in  which  the  charge 
deflected  by  a  constant  magnetic  field  through  a  fixed  slit  into  a  Faraday  cylinder 
is  measured  as  a  function  of  the  voltage  accelerating  the  rays.  Curves  showing 
maxima  corresponding  to  the  various  isotopes  are  reproduced  r  With  potassium, 
isotopes  with  atomic  weights  39  and  41  were  found  as  previously  observed  by 
Aston.  With  pure  calcium  isotopes  at  40  and  44.  and  with  zinc  isotopes  at  64, 
66.  68,  and  70  were  observed.  After  a  disturbing  effect  of  the  electric  field  was 
eliminated,  the  ratio  of  the  intensities  obtained.  18  to  i  for  the  two  isotopes  of 
potassium  and  70  to  i  for  those  of  calcium,  gave  average  atomic  weights  agreeing 
well  with  accepted  values,  39.10  and  40.07  respectively.  It  is  pointed  out  that 
when  the  determination  of  the  relative  proportions  of  all  the  isotopes  of  an  element 
is  made  sufficiently  accurate  and  reliable,  a  comparison  between  calculated  and 
observed  average  atomic  weights  would  give  a  measure  of  the  packing  effect  or 
divergence  of  the  weights  of  the  isotopes  from  integral  values.  If  the  width  of 
the  slit  used  in  limiting  the  beam  of  canal  rays  were  reduced  from  0.37  to  .o^  mm., 
isotopes  of  elements  of  atomic  weight  100  or  more  should  be  resolved  with  the 
present  i^pparatus. 

IN  the  following  paper  the  method  of  positive-ray  analysis  previously 
described  is  extended  to  the  elements  potassium,  calcium  and  zinc. 
The  analyzing  apparatus  is  shown  in  Fig.  i  and  is  described  in  detail  in 
two  previous  papers.^  The  charged  atoms  are  formed  at  the  right  and 
the  masses  for  different  elements  may  be  compared  by  observing  the  total 
potentials  applied  when  they  are  bent  so  as  to  fall  on  the  second  slit  52. 
The  only  alteration  made  in  the  apparatus  has  been  to  cover  both  sides 
of  the  slit  in  P  with  fine  wires  a  short  distance  apart  in  order  to  insure 
that  the  discharge  is  not  influenced  when  the  electric  field  between  P 
and  Si  is  changed. 

Experiments  with  Potassium  (Atomic  Weight  39.10). 

Rays  of  potassium  were  observed  from  two  sources.  They  were  first 
found  associated  with  sodium  in  some  preliminary  attempts  to  obtain 
rays  from  metals  with  high  melting  points,  probably  from  the  decom- 
position of  water  glass  used  in  the  cement  on  the  hot  anode.  Two 
components,  one  much  stronger  than  the  other,  were  readily  observed 

1  A.  J.  Dempster,  Physical  Review,  ii,  p.  316,  1918;   Phys.  Rev.,  18,  p.  415,  1921. 
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two  units  apart  in  atomic  weight.  A  comparison  with  sodium  located 
the  main  potassium  component  as  close  to  39.  The  curve  in  Fig.  2 
shows  the  intensity  of  the  rays  observed  as  the  accelerating  potential 
was  altered  to  bring  the  various  parts  of  the  bundle  on  to  the  second  slit. 


Fig.  1. 

The  maximum  of  the  strong  component  is  placed  exactly  at  39,  and  the 
atomic  weight  abscissae  are  obtained  by  dividing  39  times  911  by  the 
potential  in  volts  for  each  measurement.     The  current  scale  for  the 
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fainter  isotope  in  the  figure  is  made  five  times  that  for  the  stronger.  The 
intensity  ratio  is  approximately  18  to  i,  giving  a  mean  atomic  mass  of 
39.10  in  agreement  with  the  chemical  atomic  weight.  A  possible  sig- 
nificance of  this  agreement  will  be  discussed  below  in  connection  with 
the  measurements  with  calcium.  Potassium  rays  were  also  measured 
from  an  anode  of  lithium,  containing  potassium  as  an  impurity,  which 
was  heated  in  an  iron  capsule.  The  same  two  components  were  observed 
as  in  the  case  described  above.  The  experiments  thus  confirm  the 
existence  of  the  two  isotopes  in  potassium  found  by  Aston  with  his 
method  of  analysis.^ 

Experiments  with  Calcium  (Atomic  Weight  40.07). 

Calcium  metal  was  found  to  be  very  suitable  for  use  in  this  method 
of  analysis.  It  was  heated  in  an  iron  container  and  evaporated  readily 
at  a  red  heat.  A  strong  line  appeared  suddenly  as  the  evaporation 
commenced  and  was  always  accompanied  by  a  faint  line  four  units 
greater  in  atomic  weight.  The  atomic  weight  40  for  the  strong  com- 
ponent was  confirmed  to  0.3  per  cent,  by  comparison  with  a  potassium 
line  at  39  which  appeared  for  a  short  time  during  the  heating.  Complete 
curves  were  drawn  for  the  calcium  lines,  but  as  they  are  practically 
identical  in  form  and  sharpness  with  those  in  Fig.  2,  they  are  not  repro- 
duced. The  atomic  masses  of  the  two  lines  from  calcium  were  compared 
by  observing  the  potentials  for  the  maxima.     In  Fig.  3  is  shown  the 
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Fig.  3. 

accuracy  with  which  the  observations  of  the  maxima  may  be  made. 
The  center  of  each  short  line  indicates  the  value  taken  as  the  maximum 
and  the  length  of  the  line  indicates  on  the  atomic  weight  scale  the 
estimated  possible  error  in  the  setting  (corresponding  usually  to  zt  2 
volts).  The  first  two  lines  show  the  comparison  with  the  potassium 
line  at  39.  It  is  seen  that  to  the  accuracy  obtained  the  atomic  weights 
agree  with  40  and  44.  With  the  parabola  method  of  analysis,  G.  P. 
Thomson^  has  examined  calcium  rays  from  calcium  fluoride  and  detected 

»  Phil.  Mag.,  42.  p.  857.  1921. 
*  Phil.  Mag.,  42,  p.  857,  1921. 
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a  rather  broad  line  around  40  in  atomic  weight.  No  isotope  at  44  was 
observed. 

The  calcium  used  was,  however,  found  to  contain  traces  of  calcium 
carbonate  as  an  impurity,  so  that  the  rays  with  mass  44  might  be  due  to 
carbon  dioxide  liberated  by  the  decomposition  of  the  carbonate.  To 
avoid  this  uncertainty  a  sample  of  calcium  was  prepared  by  distillation 
in  a  high  vacuum.  Considerable  quantities  of  gas  were  set  free  during 
the  evaporation  and  continually  removed  by  a  mercury  vapor  pump. 
The  calcium  was  condensed  directly  in  the  anode  and  this  was  then  trans- 
ferred to  the  analyzing  apparatus  as  rapidly  as  possible.  With  the 
calcium  thus  prepared  it  was  found  that  the  component  at  44  was  still 
present,  and  was  approximately  1/70  as  strong  as  the  main  component. 
We  may  therefore  conclude  that  calcium  consists  of  two  isotopes  with 
atomic  weights  40  and  44. 

With  the  crude  metal  several  measurements  at  low  temperatures  gave 
about  70  to  I  for  the  intensity  ratio  of  the  components,  the  same  as  found 
for  the  distilled  calcium,  but  on  increasing  the  temperature  of  the  anode 
the  component  at  44  became  much  stronger  than  at  low  temperatures, 
probably  due  to  carbon  dioxide  being  evolved  at  the  higher  temperatures. 
The  ratio  70  to  i  gives  a  mean  atomic  weight  of  40.055,  whereas  the 
chemical  atomic  weight  is  given  as  40.07.  Further  experiments  will  be 
necessary  to  obtain  a  more  accurate  value  of  the  ratio  and  to  examine 
the  possibility  of  still  fainter  isotopes  with  other  atomic  weights.  Accu- 
rate intensity  measurements  may  be  expected  to  involve  considerable 
difficulty,  since,  if  they  are  to  indicate  the  relative  proportions  of  the 
isotopes  in  the  element,  several  <:onditions  must  be  fulfilled;  the  faint 
background  of  scattered  and  reflected  rays  must  be  considered  or  sup- 
pressed, the  intensity  ratios  must  be  independent  of  the  particular 
experimental  conditions  used,  the  primary  ionization  must  be  unaffected 
by  the  alterations  in  the  electric  or  magnetic  fields  used  to  bring  a  new 
component  onto  the  slit,  and  the  possibility  must  be  considered  that, 
as  appears  to  hold  in  the  case  of  lithium,  the  different  components  may 
have  different  rates  of  evaporation  at  different  temperatures  and  with 
different  surface  conditions. 

Ratios  of  Components  and  Atomic  Weights. 

It  may  be  pointed  out,  however,  that  a  reliable  determination  of  the 
proportions  of  all  the  isotopes  in  an  element  by  positive-ray  measure- 
ments would  allow  conclusions  to  be  drawn  as  to  the  existence  or  absence 
of  a  "packing  effect*'  or  a  slight  divergence  of  the  atomic  weight  from  an 
integral  value.     If  the  mean  atomic  weight  calculated  from  the  positive- 
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ray  ratios,  on  the  assumption  of  integral  values  for  the  components,  is 
lower  than  the  chemical  atomic  weight,  we  must  conclude  that  the  com- 
ponents have  atomic  weights  greater  than  exact  integers  by  an  amount 
sufficient  to  make  up  the  difference.  Thus  the  agreement  of  the  mean 
atomic  weight  obtained  for  potassium  with  the  chemical  atomic  weight, 
might  be  used  as  an  argument  that  the  atomic  weight  of  the  strong 
potassium  component  is  exactly  39.00  to  within  one  integer  in  the  second 
decimal  place.  In  the  case  of  calcium  we  might  use  the  low  computed 
atomic  weight  40.055  to  deduce  the  value  40.07  —  0.055  "  40.015  as 
the  correct  atomic  weight  of  the  heavier  component.  More  careful 
measurements  of  the  intensity  ratios  will  however  be  necessary  before 
conclusions  of  this  nature  can  have  much  weight. 

Experiments  with  Zinc  (Atomic  Weight  65.38). 

Strong  rays  were  obtained  from  a  zinc  anode  when  heated  to  a  very 
dull  red  temperature.  Three  strong  and  one  faint  maxima  were  observed, 
separated  by  two  units  on  the  atomic  weight  scale.  It  was  found  that 
the  zinc  lines  were  also  obtained  from  a  calcium  anode  to  which  a  little 
zinc  had  been  added.  Probably  due  to  the  higher  temperature  the  rays 
were  then  usually  sharper  than  with  pure  zinc.  The  curve  in  Fig.  4 
shows  the  different  components  observed  with  this  anode.  The  first 
experiments  with  a  zinc  anode  were  made  before  those  with  calcium  and 
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potassium,  and  before  the  two  gauzes  had  been  placed  on  each  side  of 
the  slit  in  P  (Fig.  i).  These  first  experiments  gave  quite  different 
intensity  ratios  for  the  components  from  that  shown  in  Fig.  4,  and  a 
mean  atomic  weight  almost  a  unit  higher.  An  early  curve  is  reproduced 
in  Dr.  Aston's  book  on  Isotopes,  p.  147.  Later,  with  two  different 
anodes  containing  mixtures  of  calcium  and  zinc,  and  with  one  containing 
very  pure  zinc,  intensity  ratios  similar  to  that  shown  in  Fig.  4  were 
obtained.     The  mean  atomic  weight  from  curve  4  is  approximately  65.5. 

It  was  suspected  that  the  changes  in  the  field  between  P  and  Su 
used  to  bring  the  different  components  on  to  the  second  slit,  might 
have  influenced  the  total  intensity  of  the  rays  in  the  first  experi- 
ments by  means  of  the  stray  field  through  the  slit  in  P.  Two  gauzes 
were  therefore  introduced  as  mentioned  in  the  first  paragraph.  Intensity 
ratios  similar  to  that  shown  in  the  curve  were  then  always  obtained 
from  anodes  of  both  pure  and  commercial  zinc,  and  the  total  positive- 
ray  current  as  indicated  by  a  galvanometer  was  found  independent  of 
the  field. 

The  accuracy  with  which  the  maxima  of  the  three  strong  zinc  com- 
ponents agreed  with  integral  atomic  weights  is  shown  in  Fig.  5.     The 
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Fig.  5. 

center  of  each  short  line  indicates  the  value  taken  as  the  maximum  and 
the  length  of  the  line  indicates  the  estimated  error  in  the  setting  (usually 
=b  2  volts).  It  is  seen  that  to  the  accuracy  obtained  the  atomic  weights 
are  two  integers  apart. 

It  was  at  first  assumed  that  the  atomic  weights  of  the  components 
were  63,  65,  67  and  69,  since,  with  the  intensities  first  observed,  a  mean 
atomic  weight  was  obtained  which  agreed  with  the  chemical  atomic 
weight  65.38.^  This  reasoning  was  invalidated  by  the  different  intensity 
ratios  obtained  with  the  improved  shielding,  and  a  direct  comparison 
with  the  calcium  component  at  40  showed  the  atomic  weights  to  be  near 
the  integers  64,  66,  68,  and  70.  With  a  calcium  anode  to  which  a  little 
zinc  had  been  added  rays  of  both  elements  were  obtained,  and  the  atomic 
weights  could  be  compared   by  observing  the  potentials  required  to 

1  Science,  Vol.  54,  p.  516,  192 1. 
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bring  the  different  maxima  on  to  the  second  slit,  while  the  magnetic 
field  was  kept  constant.  The  settings  could  usually  be  made  with  an 
uncertainty  of  2  volts  or  less,  and  are  illustrated  in  Fig.  6.     The  center 
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of  the  short  line  represents,  as  before,  the  value  taken  for  the  maximum 
and  the  length  of  the  line  represents  the  estimated  error.  Thus  the 
potentials  in  volts  used  in  the  first  plot  were  974  zt  2;  610  =t  i ;  592.6 
=t  i;  575.1  ±2.  The  first  three  comparisons  were  made  with  one 
anode  and  the  last  three  with  a  new  filling  and  adjustment.  It  is  seen 
that  within  the  experimental  error  the  atomic  weights  of  the  three  zinc 
components  are  64,  66,  and  68.  The  faint  isotope  at  70  was  not  used  in 
the  comparisons  with  calcium  since  much  more  time  and  care  is  required 
in  setting  on  it  than  on  the  stronger  components. 

In  all  the  curves  drawn  for  the  zinc  rays  the  intensity  at  atomic  weight 
67  is  greater  than  at  65,  although  the  neighboring  lines  at  66  and  68  are 
weaker  than  64  and  66.  This  is  probably  due  to  the  existence  of  an 
unresolved  isotope  at  67,  and  in  two  curves  a  slight  maximum  was  also 
indicated  at  this  atomic  weight.  Experiments  with  sharper  bundles 
will  be  necessary  to  decide  definitely  if  a  fifth  isotope  exists  at  67  or  not. 

Resolving  Power  of  the  Apparatus. 
The  sharpness  of  the  curves  and  the  dependence  on  the  slit  width  and 
other  factors  is  of  interest  in  connection  with  the  possibility  of  improving 
the  resolution  sufficiently  to  analyze  heavier  elements.  The  slit  widths 
used  in  all  the  experiments  described  in  this  paper  were  0.37  mm.  for  the 
first,  and  0.42  mm.  for  the  second.  If  the  focusing  were  perfect  the 
width  of  the  bundle  at  ^2  would  be  0.37  mm.  The  curve  in  Fig.  2  is 
obtained  as  this  bundle  is  moved  from  one  edge  of  the  slit  ^2  across  to 
the  other,  the  displacement  of  the  bundle  in  moving  between  the  posi- 
tions which  give  the  currents  A  and  B  half  way  to  the  maximum  being 
exactly  the  width  of  the  bundle.  From  the  relation  M.V.  =  const.  ^, 
as  discussed  in  the  first  paper,^  we  see  that  the  beam  must  have  had  a 
width  of  0.55  mm.  in  order  to  give  the  curve  for  potassium.  The  beam 
originally  0.37  mm.  wide  has  thus  increased  in  width  by  0.18  mm.  in 

» A.  J.  Dempster,  Phys.  Rev.,  ii.  p.  320,  1918. 
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going  a  distance  of  17  cm.  This  extra  width  is  probably  due  entirely  to 
a  lack  of  homogeneity  in  the  velocity  of  the  rays  since  a  dispersion  of 
only  3  volts  in  the  900  used  would  account  for  the  extra  width  of  the 
image.  The  sharpest  curves  observed  with  zinc  indicate  a  width  of 
0.68  mm.  at  the  second  slit,  and  some  experiments  showed  that  the 
sharpness  was  affected  to  a  considerable  extent  by  the  adjustment  of  the 
potentials  between  the  plate  P,  the  cathode  and  the  anode. 

If  as  great  a  uniformity  in  velocity  can  be  obtained  with  heavier 
elements,  as  in  the  case  of  calcium  or  potassium,  a  considerable  increase 
in  resolution  should  be  secured  with  narrower  slits.  Thus  with  Si  =  0.07 
mm.  the  beam  should  be  0.25  mm.  wide  at  ^2  and  the  separation  of  the 
points  AB  on  the  atomic  weight  scale  would  be  half  a  unit  for  an  atomic 
weight  of  100,  so  that  all  integral  components  less  than  this  should  be 
sharply  separated.  If  the  total  potential  were  increased  to  2,000  volts, 
elements  as  high  as  200  in  atomic  weight  should  be  similarly  separated, 
provided  the  necessary  magnetic  field  of  18,000  gauss  could  be  secured. 

Should  it  prove  necessary  to  deal  with  a  greater  velocity  dispersion 
than  that  found  in  the  case  of  potassium  and  calcium,  an  electric  field 
may  be  added  to  focus  rays  with  slightly  different  velocities  as  in  the 
apparatus  designed  by  Dr.  Aston.  With  slow  rays  it  is  also  possible  to 
combine  the  velocity  focusing,  for  a  single  mass,  with  the  direction  focus- 
ing as  used  in  these  experiments.     Figs.  7  and  8,  in  which  A  and  B 


Fig.  7.  Fig.  8. 

represent  two  rays  diverging  in  direction,  and  C  a  ray  of  the  same  mass 

and  smaller  velocity,  illustrate  diagrammatically  two  arrangements  of 

the  magnetic  and  electric  fields.     In  Fig.  7  the  fields  act  simultaneously, 

and  it  may  be  readily  shown  that  a  small  range  of  velocities  is  focused 

at  52  when  the  electric  force  is  half  the  magnetic  and  opposite  in  direction. 

In  Fig.  8  the  magnetic  and  electric  fields,  M  and  £,  act  separately,  the 

velocity  focusing  occurring  when  the  electric  force  is  twice  the  magnetic. 

The  author's  thanks  are  due  to  Mr.  F.  B.  Haynes  for  the  use  of  the 

apparatus  and  method  he  developed  for  distilling  calcium  in  vacuo,  and 

to  Mr.  J.  K.  Morse  for  testing  the  calcium  chemically  for  carbon  dioxide. 

Ryerson  Physical  Laboratory, 
July  21.  1922. 
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PROPERTIES  OF   ROCHELLE  SALT   RELATED  TO  THE 
PIEZO-ELECTRIC   EFFECT. 

By  Joseph  Valasbk. 

Synopsis. 

Temperature  variation  of  several  physical  properties  of  RocheUe  salt,  from  —  jo®  to 
+  30^  C,  was  undertaken  to  determine  which  of  them  seem  to  be  related  to  the 
piezo-electric  effect,  which  increases  rapidly  between  —  ao  and  —  15^  C.  and 
decreases  rapidly  between  +  20  and  +  30*^  C.  In  this  way  it  was  hoped  to  get 
information  as  to  the  nature  of  the  structure  underlying  piezo-electric  phenomena. 
Refractive  indices  were  measured  for  the  three  principal  directions  for  six  wave- 
lengths from  4554  to  6500  A.  and  at  temperatures  of  —  70,  —  11.5,  o.  -|-  21.3  and 
-f  40^  C.  The  variation  with  temperature,  however,  is  linear,  the  average  coefficient 
being  59  X  io~*  per  degree.  The  thermal  expansion  between  —  10  and  -f  20**  C. 
was  measured  by  the  Fizeau  method  for  the  three  principal  directions.  The  ratio 
of  (n*  —  i)  to  p  is  approximately  constant,  in  agreement  with  the  Sellmeir  formula 
for  dispersion,  and  if  the  change  in  refractivity  is  regarded  as  due  to  the  change  in 
density,  reasonable  values  are  obtained  for  the  constants  in  the  Lorentz  formula. 
The  specific  rotatory  power  of  an  aqueous  solution  of  the  salt  was  found  to  change 
less  than  0.4®  in  the  interval  from  -h  4  to  40®  C,  giving  no  indication  of  a  change  in 
molecular  asjrmmetry  in  this  interval.  The  value  obtained  at  25**  C.  is  25.9**  for 
sodium  light,  lying  between  the  results  of  previous  observers.  The  electrical  con- 
•  dudivity  increases  only  from  2  X  lo""  mhos/cm.*  at  —  65**  C.  to  5.4  X  io~"  at 
—  20**  C.  Between  —  20®  and  -h  30®  C,  however,  it  was  found  to  depend  on  the 
dirtction  of  the  current,  being  only  half  as  great  in  one  direction  as  in  the  other  at 
o®  and  at  20®,  and  above  20**  it  increases  very  rapidly  to  5  X  io"»  at  43**.  At  all 
temperatures,  however,  the  current  was  found  proportional  to  the  applied  field,  at 
least  up  to  10,000  volts/cm.  The  reversible  electro-optic  rotation  was  observed  in  the 
direction  of  the  field,  using  transparent  alcohol  electrodes  and  plane  polarized  light 
of  wave-length  5737  A.  At  20**  the  rotation  of  the  a  and  fi  axes  in  their  plane  per  unit 
field  normal  to  them  is  1.7  X  io~^  degrees,  and  decreases  for  higher  temperatures 
much  as  the  dielectric  constant  does.  The  electro-optic  constant  ^4i  was  also  com- 
puted. Although  Rochelle  is  classed  as  a  type  of  crystal  that  should  show  no 
pyro-^lectric  effect,  a  "real*'  effect  was  observed  in  the  &  oystallographic  direction 
as  the  crystal  was  gradually  heated  at  a  constant  rate.  The  coefficient  changes 
sign  just  below  room  temperature  and  becomes  very  large. 

Theory  of  piezo-electricity  is  discussed  briefly  in  the  light  of  these  results.  In 
view  of  the  fact  that  none  of  the  properties  measured  show  changes  with  tempera- 
ture which  correspond  with  those  of  the  piezo-electric  effect  it  is  probable  that 
the  elastic  or  piezo-optic  constants  must  change  in  such  a  way  as  to  account  for 
the  piezo-electric  changes. 

Newman's  Principle  of  Symmetry  in  Crystal  Optics, — Rochelle  salt,  if  it  belongs  to 
the  hemihedral  class  of  the  orthorhombic  system,  seems  to  form  an  exception  to 
this  principle  since  most  of  its  electrical  properties  in  the  direction  of  the  &  axis 
depend  on  the  direction  of  the  field. 

Infra-red  absorption  band  for  Rochelle  salt  is  computed  from  the  constants  of 
the  dispersion  formula  to  be  at  about  55  m- 
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THE  experiments  herein  described  were  initiated  for  the  purpose  of 
examining  some  of  the  properties  of  Rochelle  salt  which  might 
be  related  to  the  piezo-electric  property  and  thus  to  obtain  further 
information  on  the  nature  of  the  structure  underlying  piezo-electric 
phenomena.  Rochelle  salt  is  particularly  suited  for  this  study  because 
its  piezo-electric  reaction  is  relatively  large  and  because  of  the  marked 
changes  which  occur  in  its  activity  at  certain  temperatures.  As  the 
crystal  is  heated  from  low  temperatures,  there  is  a  sudden  increase  in 
activity  between  —  20  and  —  15°  C.  and  a  corresponding  decrease 
between  +  20  and  +  30*^  C.  as  the  following  table  shows.  The  piezo- 
electric modulus  given  here  is  defined  as  the  electric  polarization  in  the  & 
crystallographic  direction  per  unit  shear  in  the  plane  normal  to  it. 

Table  L 

Tempentore.  Pies.  Modolni. 

-  70*»  C 0.017  X  10-» 

-50        0.017 

-  30        0.065 

-  20        1.08 

-  10        6.07 

0        6.75 

+  10        7.42 

+  20        8.10 

+  30        1.08 

+  40        0.41 

In  those  temperature  intervals  where  the  piezo-electric  property  jnakes 
rapid  changes,  the  writer  has  undertaken  to  study  various  other  physical 
properties  of  the  crystal .  In  the  first  place  the  variation  with  temperature 
was  studied  with  the  thought  that  the  same  type  of  structure  may  be 
responsible  for  both  the  piezo-electric  property  and  the  optical  rotation 
or  that  they  may  be  related  in  some  way.  Then  again  measurements 
were  made  on  the  indices  of  refraction  because  a  shift  in  an  absorption 
band  caused  by  a  changing  restoring  force  of  the  ions  producing  the 
piezo-electric  effect  would  be  reflected  in  the  indices  of  refraction  if  the 
absorption  bands  involved  were  not  too  far  away  from  the  visible  region.* 
Furthermore,  observations  were  made  on  the  reversible  electro-optic 
effect. 

We  shall  begin  by  reviewing  some  general  facts  concerning  Rochelle 
salt.  This  substance  is  a  double  tartrate  of  sodium  and  potassium  with 
the  chemical  formula  NaKC4H406*4H20.  It  crystallizes  in  the  ortho- 
rhombic  system,  showing  sphenoidal  hemihedrism.  It  is  optically  active 
both  as  a  crystal  and  in  solution.     It  is,  of  course  biaxial,  as  the  crystal 

» Valasek,  Phys.  Rev.,  XIX.,  478,  1922. 


Digitized  by 


Google 


Vol.  XX 
No.  6. 


]  ROCHELLE  SALT,  64 1 


system  shows.     The  structural  formula  is 

COOH 

I 
OH— C— K 

I 
Na— C— OH 

I 
COOH 

This  form  has  the  usual  type  of  asymmetry  occurring  in  optically  active 
carbon  compounds.  The  crystal  is  brittle  and  soluble  in  water.  This 
latter  property  enables  one  to  cut  it  by  a  wet  string  running  over  pulleys 
and  through  water,  and  to  polish  it  on  a  slightly  moistened  piece  of  ground 
glass.  Since  it  cracks  very  easily  due  to  unequal  or  too  rapid  tempera- 
ture changes,  it  must  be  handled  carefully.  It  cannot  be  heated  above 
53°  C.  as  it  transforms  here  into  water  and  the  single  tartrates  of  sodium 
and  potassium  with  an  absorption  of  heat.  A  moderately  sensitive 
differential  thermocouple  scheme  indicates  no  sharp  heat  transformation 
anywhere  between  —  70  and  +  54°  C.  On  heating,  however,  there 
begins  a  slow  and  steady  apparent  heat  evolution  at  24®  C.  which  con- 
tinues up  to  53*^  C.  This  is  thought  to  be  due  to  either  an  increase  in 
thermal  conductivity  or  to  a  steadily  decreasing  specific  heat. 

Refractivity. 

The  three  principal  indices  of  refraction  were  determined  by  a  prism 
and  spectrometer  method  for  a  number  of  wave-lengths.  For  measure- 
ment at  various  temperatures  the  crystal  was  mounted  on  a  pedestal 
about  ten  centimeters  high  so  as  to  be  in  the  center  of  the  double-walled 
vessel  which  contained  the  heating  or  cooling  mixture.  A  cross-section 
of  this  arrangement  is  shown  in  Fig.  lA.  Tubes  A  and  jB  (i  x  2  cm.) 
served  as  passages  for  the  light  between  the  collimator  and  the  telescope. 
Diaphragms  C  and  D  together  with  end  plugs  and  plane-parallel  windows 
served  to  cut  down  air  circulation.  The  copper-constantan  thermo- 
couple which  measured  the  temperature  came  up  to  the  crystal  through 
the  hollow  pedestal,  which  was  largely  made  of  thin-walled  glass  tubing. 
The  cold  junctions  were  kept  in  ice  and  the  electromotive  force  was 
measured  by  a  Leeds  and  Northrup  Type  K  potentiometer.  The  thermo- 
couple was  calibrated  at  the  fixed  points  given  by  fresh  liquid  air,  frozen 
mercury,  ice,  and  steam. 

The  prism  used  was  cut  from  a  large  crystal  about  five  centimeters 
along  each  edge,  in  such  a  way  that  one  of  the  faces  was  a  natural  crystal 
face  while  the  other  was  nearly  parallel  to  the  b  and  c  crystallographic 
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axes  (Fig.  iB),  In  order  to  procure  faces  as  flat  as  possible,  a  large  prism 
was  first  cut  and  polished.  From  its  center  was  cut  the  small  prism 
about  2  cm.',  which  was  used  in  the  experiments.     Diaphragms  of  black 

paper  served  to  still  farther  cut 
down  the  areas  of  the  faces,  care 
being  taken  not  to  decrease  the  re- 
solving power  so  much  as  to  cause  a 
noticeable  lack  of  precision  in  set- 
ting on  the  spectrum  lines.  In 
this  way  a  good  double  spectrum 
was  obtained  from  which  two  in- 
dices could  be  determined.  These 
indices  will  be  denoted  by  «i  and 
fii  in  the  order  of  their  magnitude. 
The  source  of  light  was  an  arc 
between  carbons  containing  barium 
chloride.  This  source  gives  a  set 
of  six  bright  lines  fairly  well  distrib- 
uted throughout  the  spectrum  and 
proved  to  be  very  convenient  for 
the  determination  of  dispersion. 

In  calculating  the  three  main  in- 
*  dices,  Fresnel's  formulae  for  inactive 
crystals  were  used  in  spite  of  the  fact  that  Rochelle  salt  is  active.^  This  is 
permissible  in  this  case  because  the  indices  were  not  measured  closer 
than  five  units  in  the  fifth  decimal  place  and  because  the  rotatory  power 
of  the  crystal  produced  much  smaller  deviations  from  Fresnel's  formulae. 
Following  Pockel's  KrystallopHk,  a,  /8,  and  y  will  be  used  to  denote  the 
three  main  indices  in  the  order  of  increasing  magnitude  and  vu  vj,  and 
Vi  to  denote  the  direction  cosines  of  the  wave  normal  in  the  crystal  with 
respect  to  the  principal  axes.  The  indices  tii  and  wj  in  an  equatorial 
plane  vi  =  o,  that  is,  normal  to  the  a  axis  of  the  index-ellipsoid,  will  be 
given  by  the  two  n  roots  of  the  equation  : 


Fig.  1. 
Mounting  of  prism  for  refractivity  measurement. 


i~«4l(^~W'''''^(^~W 


Vi"  \  =  o. 


(I) 


In  this  plane,  one  of  the  indices,  namely  tii  =  a,  should  be  the  same  in 
all  directions.  This  was  found  to  be  accurately  true  and  is  taken  to 
justify  our  use  of  the  simpler  formula. 

The  orientation  of  the  crystal  was  roughly  as  shown  in  Fig.  i  5,  the 

^Pockels,  Krystalloptik,  31. 
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LM  face  being  normal  to  the  &  axis  within  three'degrees  as  determined 
from  the  crystal  angles.  The  middle  and  greatest  indices  were  calculated 
from  formula  (i)  by  solving  for  fi  and  7  when'^measurements  of  n^  had 
been  made  for  two  known  directions.  The  value  of  /3  so  found  diflFered 
by  only  0.00002  from  the  value  of  nj  normal  to  the  face  LM.  The  two 
directions  chosen  were  normal  to  the  faces  of  the  prism. 

The  crystal  was  clamped  in  place  by  the  edge  facing  the  collimator 
so  that  when  its  angle  changed  due  to  anisotropic  expansion^  the  light 
would  still  be  normally  incident  on  this  face.  If  the  constants  for  the 
two  directions  are  respectively  unprimed  and  primed,  the  following 
set  of  formulae  give  the  indices: 


ni  =  -7- 


sin  A I 


,     etc., 


a  =  fix  =ni', 


sin  (^1  +  Di) 

fix   ^tlx  t 

\  V2P1     —    VzP2   )  \  V\V%     —   V%V2   ) 

7*  =  I  T^ ,  )  ^2'  -  I  ,— ,  )  n2. 

\  vtv%   —  viV2  J  \  V2Va   —  vivi  J 


(2) 


The  angles  of  the  prism  A  and  the  angles  of  deviation  D  were  measured 
on  the  spectrometer  by  standard  methods  at  a  number  of  steady  tempera- 
tures between  —  70  and  +  40**  C.  A  nicol  prism  was  used  in  front  of 
the  eyepiece  to  keep  the  two  spectra  distinct. 

A  set  of  careful  determinations  of  the  three  indices  was  made  in  this 
way  for  the  six  lines  of  the  barium  spectrum  at  room  temperature  with 
the  windows  of  the  cooling  chamber  removed.  These  are  given  in 
Table  II. 

Table  II. 

Temperature  21.3^  C. 


WaTt-lenfftli. 

a. 

^. 

7. 

4554.2  A 

1.49906 
1.49565 
1.49170 
1.49001 

1.48878 
1.48743 

1.50062 
1.49734 
1.49348 
1.49183 
1.49056 
1.48920 

1.50504 

4934.2   

1.50154 

5535.7   

1.49721 

5853.9   

1.49540 

6141.9   

1.49430 

6497.1    

1.49280 

The  directions  of  the  a,  /3,  and  7  axes  of  the  index  ellipsoid  are  respec- 
tively the  same  as  the  directions  of  the  c,  b,  and  &  crystallographic  axes. 
Above  and  below  room  temperature,  coverglasses  cemented  on  with 

» Voigt,  Krystallphysik,  276. 
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Canada  balsam  had  to  be  applied  to  preserve  the  polish  of  the  prism. 
With  the  apparatus  entirely  assembled  another  set  of  determinations 
was  made  at  the  same  temperature  and  corrections  found  for  the  cover- 
glasses  and  windows.  The  indices  were  then  measured  for  steady  tem- 
peratures of  —  70,  —  1 1. 5,  0.0,  +21.3,  and  +  40**  C.  The  angle  of  the 
prism  at  these  temperatures  was  measured  by  a  reflecting  eyepiece. 

The  main  indices  were  calculated  and  plotted  and  it  was  observed  that 
their  variation  with  temperature  was  practically  linear.  From  the  best 
set  of  straight  lines  through  the  points  the  following  values  were  obtained 
for  the  indices  at  o**  C.  and  for  the  temperature  coefficients. 

Table  III. 


WaTe-length. 

IndiMt  at  qo  C. 

Toinp.  Co6fllci6iit. 

1.5004 

0.000064 

4554.2 

1.5019 

58 

1.5063 

68 

1.4970 

63 

4934.2 

1.4987 

58 

1.5029 

65 

1.4930 

64 

5535.7 

1.4947 

58 

1.4986 

63 

1.4913 

61 

5853.9 

1.4930 

60 

1.4968 

58 

1.4900 

61 

6141.9 

1.4917 

58 

1.4953 

61 

1.4888 

63 

6497.1 

1.4905 

59 

1.4939 

59 

The  values  of  a  and  P  in  both  tables  are  more  accurate  than  those  of 
y  because  the  latter  are  obtained  by  solving  the  equation  of  the  oval  for 
its  major  axis  which  is  respectively  about  90**  and  40°  from  the  directions 
of  the  radii  measured.  In  Table  II.  the  values  of  a  and  fi  are  good  to 
=t  0.00005,  while  7  is  good  to  ±  0.00015.  The  values  in  Table  III. 
may  be  in  error  by  greater  amounts  because  of  the  greater  variety  of 
chances  for  error  that  present  themselves  in  measurements  at  other  than 
room  temperature. 
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A  surprising  outcome  of  these  measurements  is  that  there  is  no  marked 
change  in  optical  properties  between  —  70  and  +  40**  C.  This  was 
contrary  to  expectation  and  shows  that  there  is  no  gross  change  in  crystal 
structure  occurring  between  these  temperatures.  This  eliminates  one 
explanation  that  may  be  advanced  for  the  variation  in  piezo-electric 
response  that  occurs  in  this  range. 

Drude's  dispersion  theory  applied  to  this  data  gives  a  little  information 
as  to  the  nature  of  the  bound  charges.  The  best  set  of  observations 
for  this  purpose  is  the  a  set  given  in  Table  II.  since  it  is  checked  by  a 
greater  number  of  independent  observations  and  is  a  directly  measured 
result.     Suppose  we  take  the  five-constant  formula:^ 

n*=  -  B'\*  -A'\*  +  A+^^  +  ^^.  (3) 

According  to  the  theory  the  constants  should  all  be  positive  and  respec- 
tively given  by  the  formulae: 

^  ^  (4) 

^  =  I  +  Ze.;       B  =  X^^V;       C  =  X^»V, 

where  the  subscript  r  means  that  the  summation  is  to  be  carried  out 
only  for  charges  whose  free  period  lies  in  the  infra-red,  while  v  refers  in  a 
similar  fashion  to  the  ultraviolet  charges,  and  9  is  the  contribution  of 
each  type  to  the  dielectric  constant.  If  there  is  only  one  predominating 
type  of  each,  the  summation  signs  can  be  removed  and  we  have 

v  =  ^^^,  (5) 

where  K  is  the  ordinary  dielectric  constant  and 

JC  =  I  +  Ze.  +  E^r  =  ^  +  Zer.  (6) 

Evaluating  the  constants  of  (3),  it  is  found  that 

5'  =  -  0.163, 
A'  =  +  0.215, 
A  =  +  2.282, 
B  =  —  0.007, 
C   =  +  0.002. 

Since  K  has  the  value  645  at  20°  C,  it  is  found  that  the  infra-red  absorp- 
tion band  should  be  at  55  microns. 

» Drude,  Optik, 
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Inspection  of  the  values  above  shows  that  the  constants  B  and  5' 
have  the  opposite  sign  to  that  which  the  theory  gives.  The  observations 
are  considered  to  be  fairly  reliable  as  measurements  on  several  crystals 
show,  so  that  the  sign  is  not  due  to  error. 

In  a  previous  paper  the  writer  has  calculated  the  position  of  an  absorp- 
tion band  from^piezo-electric  data.^  The  expression  used  was  derived 
on  the  assumption  that  a  =  1/3,  where  this  a  is  defined  by  the  relation 
JE  =  JEp  +  olP,  and  Ep  is  the  field  at  a  charge  in  a  medium  whose  polariza- 
tion is  P.  It  will  be  shown  in  the  following  that  a  is  far  from  1/3  for 
Rochelle  salt,  but  that  this  constant  can  be  eliminated  anyway.  The 
equation  for  the  X  comf)onent  of  vibration  of  an  ion  of  charge  e  and 
mass  m  is: 

mi^eX  -^ire^f^-aN^i.  (7) 

The  wave-length  of  the  free  vibration  is  then 

If  the  contribution  of  this  ion  to  the  dielectric  constant  is  Kr  and  there 
are  N  such  ions  per  cubic  centimeter,  then 


and  we  have 


^-■+7^.  (') 

,.j^™^^[»         ,.„, 


which  is  independent  of  a  but  contains  Kr.    Since  this  is  very  nearly 

equal  to  the  entire  dielectric  constant  between  —  20  and  +  20**  C,  we 

shall  replace  Kr  by  K.     The  difference  between  these  two  quantities  is 

the  constant  A  of  the  dispersion  formula  and  K  is  well  in  the  hundreds 

at  these  temperatures.     The  quantities  iV,  m,  and  e  are  unknown,  but 

it  should  be  interesting  to  try  some  possible  values.     For  convenience 

let  us  rewrite  the  expression  by  putting  S  equal  to  the  sum  of  the  atomic 

weights  of  the  atoms  in  this  ion,  letting  a  be  the  sum  of  the  chemical 

valencies,  and  u  be  the  number  of  such  ions  in  each  molecule.     Then 

we  have: 

Kk  -  1)5  ,    , 

V  =  0.741  V—^  -•  (II) 

Since  the  infra-red  ions  are  always  of  atomic  or  molecular  magnitudes 
»  Phys.  Rev.,  XIX.,  489. 
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and  because  the  water  of  crystallization  is  so  important  to  the  piezo- 
electric properties,  it  may  be  that  either  the  O  or  the  OH  ion  is  the 
imf)ortant  one.  Taking  the  value  of  K  as  645  at  20**  C,  it  is  found  that 
the  natural  wave-length  for  the  two  cases  above  is  respectively  9.5  and 
40.  The  latter  gives  the  better  agreement  with  the  value  found  from  the 
dispersion  theory.  It  must  be  admitted  that  there  are  many  arbitrary 
assumptions  in  the  above.  This,  however,  is  as  much  as  can  be  done 
at  present. 

The  temperature  coefficients  of  the  indices  given  in  Table  III.  turned 
out  to  be  relatively  large.  This  would  ordinarily  mean  that  the  coefficient 
of  volume  expansion  is  large.  On  either  Drude's  or  Lorentz's  dispersion 
theory,  the  variation  in  the  indices  of  refraction  of  any  single  chemical 
comf)ound  should  be  dependent  entirely  on  the  variations  in  the  numbers 
of  dispersion  charges  per  unit  volume.  This  number  varies  inversely 
as  the  density.  The  Lorentzian  relation*  between  index  of  refraction  n 
and  density  p  may  be  written  in  the  following  form : 


where 


;-.T-;+c.,  M 


P^m.ipy-p')'  ^'^^ 


Knowing  n  and  p  at  various  temperatures  enables  one  to  find  the  con- 
stants C  and  a  and  to  test  the  theory. 

Thermal  Expansion. 

To  find  the  variation  in  specific  volume  with  temperature,  the  coeffi- 
cients of  linear  expansion  were  measured  in  the  three  principal  directions 
by  the  Fizeau  method.^  A  plan  of  the  apparatus  is  shown  in  Fig.  2. 
The  three  tripods  which  supported  the  optical  surfaces  were  made  of 
iron  so  as  to  expand  very  much  less  than  the  crystal.  A  thermocouple 
T.C.,  whose  junction  nearly  touched  the  crystal,  was  used  to  measure 
the  temperature.  The  movement  of  the  rings  between  two  steady  tem- 
peratures was  observed  in  the  telescope  Tel.  The  apparatus  had  to  be 
sealed  to  exclude  moisture;  otherwise  this  would  condense  on  the  small 
tripod  points  p  and  cause  them  to  sink  in.  The  way  this  occurred  is 
interesting.    The  inset  in  Fig.  2  shows  a  cross-section  of  one  of  the  pits. 

In  each  of  the  crystallographic  directions  a  set  of  measurements  of  the 
relative  expansion  of  crystal  and  apparatus  was  made  for  the  temperature 

>  Richardson,  Electron  Theory,  p.  148. 
*  Tutton,  Crystallography,  p.  884. 
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interval  of  —  10  and  +  20°  C.  using  a  cube  of  Rochelle  salt.    The  dimen- 
sions of  the  cube  were:    1.302  X  1.271  X  1.163  cm.  and  its  faces  were 

cut  and  polished  within  3°  of  normal  to 
the  crystallographic  axes.  The  expan- 
sion of  the  apparatus  was  measured  by 
using  a  cube  of  lead  whose  coefficient 
was  taken  to  be  0.00002726.  This  cube 
was  cut  from  a  Bureau  of  Standards 
melting  point  sample  and  was  nearly 
pure.  The  average  coefficients  of  ex- 
pansion between  —  10  and  -f  20**  C. 
for  Rochelle  salt  were  thus  found  to  have 
the  values: 

a  =  0.0000599  =t  4, 
b  =  0.0000381, 
c  =  0.0000448. 

The  coefficient  of  volume  expansion  is 
accordingly: 

A  =  0.0001428. 


Fig.  2. 
Dilatometer. 


Since  the  density  of  Rochelle  salt  at  0°  C.  was  found  to  be  1.766  we  have 
for  any  other  temperature;  ^**C: 

8  =  1.766  —  0.0002522  e. 

As  noted  above  these  values  are  the  averages  over  a  temperature  range 
of  thirty  degrees  extending  from  —  10  to  -f  20°  C.  Lower  temperatures 
could  not  be  conveniently  kept  steady  for  a  long  enough  period  of  time, 
while  at  higher  temperatures  there  was  trouble  due  to  condensation  of 
traces  of  moisture  on  the  crystal  as  soon  as  the  surroundings  were 
warmed.  Unless  the  end  temperatures  were  steady  for  about  half  an 
hour  one  could  not  obtain  very  reliable  results  as  it  took  that  long  to  be 
sure  that  the  fringes  were  perfectly  steady.  It  was  desirable,  however, 
to  see  if  a  change  in  dimensions  could  be  detected  at  —  20°  C.  wher^  the 
crystal  became  active.  Observation  of  the  movement  of  the  fringes 
during  a  slow  and  uniform  rate  of  heating  of  2°  per  minute  from  the 
temperature  of  carbon-dioxide  snow  gave  a  smooth  curve  for  all  three 
crystallographic  directions.  There  can  be  no  abnormal  change  in  dimen- 
sions comparable  with  the  wave-length  of  mercury-green  light  unless 
this  is  spread  out  over  a  range  of  about  ten  degrees  or  more. 

According  to  the  Lorentz  formula  (12)  there  is  a  linear  relation  between 
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l/p  and  i/(«'  —  i).  This  gives  a  set  of  three  straight  lines  for  any  one 
wave-length,  whose  slopes  are  Ci,  C2,  and  Cs,  and  whose  y  intercepts 
are  Ciai,  Cia^,  Caas.  The  values  of  a  are  of  interest  as  bearing  on  the 
eflFect  of  surrounding  polarization  on  the  dispersion  charges.  For  a 
cubical  arrangement  of  charges  it  is  found  to  be  equal  to  one  third. 
Drude,  in  his  dispersion  theory,  assumes  that  the  force  on  the  dispersion 
charges  is  equal  to  the  electric  vector  of  the  incident  wave  times  the 
charge,  that  is,  he  puts  a  equal  to  zero.  This  theory  leads  to  the  Sell- 
meier  type  of  formula.  Lorentz's  formula  differs  from  this  only  in  so 
far  as  no  assumptions  have  been  made  regarding  the  value  of  a. 

The  values  of  C  and  a  given  by  the  best  straight  lines  through  the 
calculated  ()oints  are  as  follows: 

Table  IV. 


««  -X 

WftTe-lenfftli. 

C. 

p 

a. 

0.706 

0.716 

0.003 

4554.2 

0.729 

0.710 

0.080 

0.660 

0.707 

0.068 

0.660 

0.705 

0.043 

5535.7 

0.718 

0.698 

0.078 

0.657 

0.695 

0.043 

0.648 

0.696 

0.041 

6497.1 

0.673 

0.690 

0.021 

0.683 

0.689 

0.017 

The  values  of  a  are  evidently  much  nearer  zero  than  one  third  and  the 
dispersion  should  be  fitted  fairly  well  by  Sellmeier's  formula.  The 
values  of  C  roughly  agree  with  (n*  —  i)/p  as  the  table  shows.  This 
agreement  should  be  perfect  when  a  is  zero. 

The  values  of  C  and  a  above  are  calculated  so  that  the  variation  of  the 
index  of  refraction  with  temperature  is  accurately  accounted  for  by.  the 
dilatation  of  the  crystal.  Since  their  values  are  not  unreasonable,  at 
least  the  bulk  of  the  change  in  indices  can  be  so  accounted  for. 

The  variation  in  C  must  be  all  due  to  changes  in  the  natural  period 
p,  for  any  one  color.  The  above  values  show  that  the  absorption  bands 
for  the  three  principal  indices  are  substantially  the  same  in  the  infra-red 
but  may  differ  in  the  ultraviolet.  The  small  a  means  that  the  force 
on  a  unit  charge  per  unit  polarization  is  small,  just  as  though  the  charge 
were  well  shielded. 
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Optical  Activity. 

Since  the  optical  activity  and  piezo-electric  property  always  occur 
simultaneously  in  crystals  having  an  asymmetric  structure,  it  was  decided 
to  study  the  optical  activity  of  Rochelle  salt.  Substances  forming  such 
crystals  may  be  rotatory  when  dissolved  or  melted,  like  Rochelle  salt 
and  sugar,  or  they  may  be  only  active  in  the  crystalline  state,  like  quartz. 
If  they  are  active  in  the  non-crystalline  condition,  it  is  due  to  an  asym- 
metric molecular  structure.  Such  substances  are  als  a  rule  carbon  com- 
()Ounds  and  the  asymmetry  may  be  pictured  by  a  structural  formula  in 
space  in  which  the  four  radicals  combined  with  the  carbon  atom  are 
placed  at  the  corners  of  a  tetrahedron.  J.  J.  Thomson^  has  shown  that 
in  the  case  of  active  solutions  the  molecules  must  have  both  dynamic  and 
electric  asymmetry,  while  in  a  crystal  either  type  is  sufficient  to  produce 
activity. 

There  is  reason  to  believe  that  the  piezo-electric  property  is  rather 
due  to  inter-molecular  reactions  in  the  crystal  structure,  so  that  naturally, 
it  would  be  best  to  measure  the  rotatory  power  of  the  crystal  in  the 
directions  of  the  optic  axes.  This  has  been  done  at  ordinary  tempera- 
tures by  Pocklington*  and  is  the  first  such  determination  for  a  biaxial 
crystal.  He  found  that  the  plane  of  polarization  of  sodium  light  wa^ 
rotated  —  1.2°  per  millimeter  in  the  directions  of  both  binormals.  This 
work  was  repeated  and  extended  to  other  crystals  by  Dufet,  who  found 
for  Rochelle  salt  —  1.35  instead  of  —  1.2.  There  isdifficulty  in  carrying 
out  such  measurements  at  different  temperatures  because  of  the  move- 
ment of  the  optic  axes. 

The  rotatory  power  of  the  solution  can,  however,  be  measured  without 
much  difficulty,  but  the  range  of  temperatures  is  very  limited  and  covers 
only  that  one  of  the  critical  points  which  is  at  room  temperature.  At 
any  rate  some  alteration  in  molecular  structure  may  be  detected  here. 
One  may  suppose,  moreover,  that  a  change  in  molecular  structure  would 
be  the  basis  of  any  change  in  crystal  structure. 

Observations  were  accordingly  made  on  the  rotation  by  a  solution  of 
a  crystal  of  Rochelle  salt  in  water.  A  ten-centimeter  polarimeter  tube 
was  inserted  in  a  double- walled  chamber  which  could  be  filled  with  water 
and  heated  electrically.  The  temperature  was  measured  by  a  copper- 
constantan  thermocouple  whose  junction  was  tied  to  the  center  of  the 
polarimeter  tube.  The  brass  ends  of  the  tube  were  coated  by  a  thin  film 
of  paraffin  to  keep  the  solution  from  attacking  them  and  becoming 
contaminated. 

» J.  J.  Thomson,  Phil.  Mag..  Dec.,  1920. 

'  Pocklington,  Phil.  Mag.  (6),  II.,  368,  1901. 
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The  concentration  of  the  solution  was  determined  by  evaporating  a 
carefully  weighed  portion  in  a  hot  water  bath  and  then  drying  the 
residue  under  a  bell-jar  with  P2O6  in  vacuo  until  the  weight  showed  no 
further  diminution.  The  remainder  was  assumed  to  be  the  anhydrous 
salt.  The  concentration  used  was  0.264  grams  of  the  anhydrous  salt 
per  cubic  centimeter  of  solution  at  4°  C.  The  density  of  the  solution 
decreases  by  about  a  half  per  cent,  between  4  and  30°  C.  Effects  of 
expansion  of  the  polarimeter  tube  are  negligible. 

The  specific  rotations  for  sodium  light  are  shown  plotted  against  tem- 
perature in  Fig.  3. 

;/■ 

if 

li 

0       s"      iO      ts     xo      tr     90     jj-     4a     4tr     sw. 
Fig.  3. 

There  seems  to  be  a  considerable  lack  of  agreement  between  values 
given  by  various  investigators  for  the  rotatory  power  of  Rochelle  salt 
solution  and  the  present  value  does  not  agree  with  any  of  them.  In 
Dufet's  tables  the  following  figures  are  given : 


^ 

0 

-*  6 

0  ^ 

' 

— 

tpli,     I 

22.42 1 

29.67 ' 

29.5 , 

29.53 1 

22.12 


Concentratioii. 


Aotfaority. 


c  =  20  hydr. 
c  =  10.77  anh. 
c  =  21.0  anh. 
c  =  9  to  43  anh. 
c  =  5  to  45  anh. 


Krecke,  1872. 
Landolt. 
Kummel,  1891. 
Thomsen,  1886. 
Long,  1888. 


The  concentration  is  given  in  grams  per  one  hundred  cubic  centimeters 
of  solution.     The  present  value  comes  just  between  the  two  extremes. 

The  diflferences  can  hardly  be  due  to  error  in  measuring  the  rotation 
so  that  it  seems  that  they  must  be  due  to  differences  in  taking  care  ot 
the  water  of  crystallization  in  calculating  the  concentration,  or  possibly 
due  to  a  very  impure  salt.  The  writer  has  also  checked  his  result  by 
measuring  the  rotation  by  a  weighed  amount  of  hydrated  Rochelle  salt 
in  a  weighed  amount  of  water.  The  weight  of  the  water  of  crystallization 
was  calculated  from  molecular  weights  and  subtracted  from  that  of  the 
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salt  and  added  to  that  of  the  water.  Using  the  density  of  water  the 
grams  of  anhydrous  salt  in  a  cubic  centimeter  of  solution  was  found. 
The  final  results  were  26.4  and  25.8  on  two  diflFerent  trials. 

In  conclusion,  however  uncertain  the  value  of  [p]  is,  it  is  at  least 
evident  that  no  marked  change  in  rotatory  power  occurs  at  20**  C. 
The  molecular  structure  which  accounts  for  optical  rotation  is  therefore 
independent  of  the  piezo-electric  structure. 

Electrical  Conductivity. 

In  a  recent  paper  the  writer  has  reported  a  variation  in  electrical 
conductivity  of  Rochelle  salt  with  temperature.^  It  appeared  that  there 
was  a  very  marked  and  continuous  increase  in  conductivity  beginning 
at  23°  C.  when  the  crystal  was  heated  at  a  uniform  rate  from  the  tem- 
perature of  carbon-dioxide  snow.  Under  normal  conditions  the  crystal 
was  about  as  good  an  insulator  as  ordinary  glass  when  the  surfaces  were 
dry  and  the  temperature  was  less  than  23°  C.  There  has  been  recently 
reported  ^  an  increase  in  conductivity  for  alternating  currents  even  at 
temperatures  below  23**  C.  when  the  field  exceeds  about  3,500  volts  per 
centimeter.  In  view  of  this  it  seemed  advisable  to  extend  the  writer's 
work  on  conductivity  for  direct  currents  by  making  measurements  for 
various  applied  fields  at  diflFerent  temperatures. 

The  conductivity  was  determined  by  measuring  the  current  through 
the  crystal  by  a  sensitive  galvanometer  and  the  voltage  across  it  by  an 
electrostatic  voltmeter.  The  galvanometer  was  of  650  ohms  resistance 
and  was  shunted  by  20,000  ohms  so  as  to  be  nearly  aperiodic.  Its  sensi- 
tivity under  this  condition  was  1.108  X  lO"®  amperes  per  millimeter 
deflection. 

The  direct  electromotive  force  was  furnished  by  a  transformer  giving 
up  to  10,000  volts  in  connection  with  a  rectifier.  A  Coolidge  tube  proved 
convenient  for  rectification  since  the  current  was  only  enough  to  take 
care  of  insulation  leakage.  The  diagram  of  connections  is  shown  in  the 
figure  below.  The  battery  of  Leyden  jars  across  the  terminals  was  of 
sufficient  capacity  to  keep  the  system  charged  for  several  seconds  after 
the  transformer  was  cut  off. 

The  leads  were  soldered  to  the  tinfoil  plates  which  were  cemented 
to  the  crystal  with  shellac.  To  one  of  the  plates  there  was  also  soldered 
a  copper-constantan  thermocouple  to  measure  the  temperature  of  the 
crystal.  To  help  reduce  errors  due  to  surface  leakage,  the  tinfoil  plates 
did  not  extend  closer  than  two  millimeters  from  the  edges  of  the  plate. 

1  Phys.  Rev.,  XIX.,  p.  488. 

*  J.  G.  Frayne,  Wash.  Meet,  of  Am.  Phys.  Soc,  April,  1922. 
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The  surfaces  were  dried  by  phosphorus  pentoxide  and  then  coated  with 
paraffin.     The  sample  so  prepared  was  suspended  by  the  leads  in  the 
center  of  a  large  glass  test  tube.     The  wires 
were    sealed    through    glass   tubes   which 
passed  through  the  stopper.     Diaphragms, . 
wool  plugs,  and   a  brass  cylinder   helped 
to  keep    the   temperature   uniform.     The 
tube  containing  the  crystal  was  cooled  by 
cold  packs  or  baths  or  heated  by  the  elec- 
tric heater  which  surrounded  it. 

It  was  soon  realized  that  when  the  ap- 
plied potential  became  too  great  there  was 
a  corona  discharge  off  the  edges  of  the  tin- 
foil. The  first  noticeable  increase  in  con- 
ductivity due  to  this  cause  came  at  about 
12,000  volts  per  centimeter  through  the 
crystal.  There  is  reason  to  believe  that 
the  apparent  increase  in  conductivity  for 
alternating  fields  in  the  work  referred  to 
above  is  due  to  corona  unless  special  pre- 
cautions were  taken  to  eliminate  it.  Ex- 
periments show  that  the  corona  loss  may 
start  at  much  lower  potentials  if  the  electrode  edges  are  not  separated 
or  protected  in  some  way. 

For  Rochelle  salt  it  was  found  that  no  marked  increase  in  conductivity 
or  other  deviation  from  Ohm's  law  occurs  below  10,000  volts  per  centi- 
meter and  probably  none  below  double  that  field. 

The  conductivity  was  found  to  depend  on  the  direction  of  the  current 
for  some  temperatures.  This  occurred  in  the  range  of  maximum  piezo- 
electric activity,  the  greater  conductivity  being  in  the  direction,  (+),  of 
the  permanent  polarization.^  Even  in  this  case  the  relation  of  current 
to  field  was  linear  within  the  above  field  limits. 


O 


y" 


Fig.  4. 


Table  IV. 

Temperatisre.  ConductiTity. 

-  as**  C " 2.0  X  10-"  mhos/cm.» 


-40 
-  20 
0 
+  20 
+  30 
+  35 
+  43 


3.6  X  10-" 

5.4  X  10-" 

+  9.0  X  10-"  and  -  5.0  X  10-" 
+  22.0  X  10-"  and  -  11.0  X  10-" 
+  11.8  X  10-"  and  -  11.1  X  lO"** 

1.00  X  10-" 

5.00  X  10-» 


»Phys.  Rev.,  XVII.,  p.  476. 
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Values  at  higher  temperatures  will  be  found  in  one  of  the  writer's  papers.^ 
In  the  paper  just  referred  to,  it  was  reported  that  the  crystal  begins  to 
conduct  at  23°  C.  What  was  really  meant  was  that  conduction  below 
this  temperature  seemed  negligible.  This,  of  course,  depends  on  the 
sensitivity  of  the  instrumerrts  used  and  on  the  scale  in  plotting  curves. 
By  changing  these,  apparently  sharp  bends  in  exponentially  increasing 
curves  may  be  put  nearly  anywhere.  As  the  above  table  shows,  there 
are  no  sharp  breaks  in  the  conductivity  curve. 

It  is  interesting  that  the  conductivity  is  different  for  currents  in 
opposite  directions  in  the  temperature  range  where  the  crystal  is  piezo- 
electrically  active.  The  significance  of  this  is  not  fully  understood  but 
it  seems  to  be  connected  with  the  permanent  f)olarization  and  related 
polar  effects  as  will  be  pointed  out  in  the  concluding  discussion.  If  the 
polarization  were  not  so  small,  this  would  be  in  accordance  with  Thom- 
son's theory  of  conduction,  the  essential  feature  of  which  is  the  shooting 
of  electrons  from  atom  to  atom  by  a  sort  of  radio-activity  induced  by 
the  field. 

Electro-optic  Effect. 

The  reversible  electro-optic  effect  in  acentric  crystals  has  been  studied 
for  several  substances,  including  Rochelle  salt,  by  F.  Pockels.*  These 
types  of  crystal  are  always  piezo-electric  and  exhibit  an  electro-optic 
effect  analogous  to  the  Kerr  effect  except  that  the  polarization  constants 
vary  in  a  linear  manner  with  the  field  instead  of  the  square.  Pockels' . 
observations  have  considerable  theoretical  interest  because  he  was  able 
to  show  that  the  effect  is  only  partly  due  to  the  mechanical  action  of 
the  electric  field  and  that  there  is  a  part  due  to  a  direct  influence  of  the 
applied  field  on  the  vibrations  of  the  charges  in  the  medium.  This 
change  in  the  periods,  which  is  analogous  to  the  Stark  effect,  affects  the 
optical  properties  of  the  substance. 

To  completely  determine  any  general  variation  in  the  optical  proper- 
ties of  a  crystal,  the  positions  and  magnitudes  of  the  three  main  indices 
must  be  fixed.  This  may  be  done  by  six  quantities  called  polarization 
constants  or  optical  parameters.'  Pockels  develops  a  set  of  formulae  by 
first  writing  the  most  general  expression  for  each  of  these  parameters 
in  the  form  of  a  power  series  in  ascending  powers  of  either  the  field  or 
the  polarization.  The  reversible  electro-optic  eflfect  must  be  expressible 
in  odd  powers  alone,  and  for  fields  not  too  great,  this  may  be  taken  as  the 
first.     This  effect  is  observed  in  all  acentric  crystals  and  in  no  other 

*  Phys.  Rev.,  XIX.,  p.  488. 

*  Pockels,  Krystalloptik,  p.  492,  and  Voigt,  Magneto-  u.  Elektro-optik,  p.  341. 

*  Pockels,  Krystalloptik,  p.  66. 
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types.  The  irreversible  or  Kerr  effect  must  be  an  even  function  of  the 
field  and  as  a  first  approximation,  the  first  may  be  taken.  This  effect 
is  observed  in  all  substances  but  needs  a  relatively  greater  field  to  bring 
it  into  prominence.  These  general  formulae  are  then  simplified  by  con- 
sidering the  symmetry  of  the  particular  crystal  system  to  which  they 
are  to  be  applied.  This  is  done  by  adjusting  the  coefficients  so  as  to 
put  the  equations  into  such  a  form  that  transformations  of  the  axes  into 
physically  equivalent  positions  keeps  their  form  invariant.  These  phys- 
ically identical  positions  are  found  by  a  consideration  of  crystal  symmetry 
which  is  their  most  general  manifestation.  The  equations  for  the  hemi- 
hedral  class  of  the  orthorhombic  system  are: 

Oil  =  ao';  an  =  W;  asa  =  ^o^  .     v 

In  these  equations  an,  etc.,  are  the  six  polarization  constants;  ao,  fto,  ^0 
are  the  initial  values  of  the  principal  wave-velocities;  P„  Py,  and  P, 
are  the  components  of  the  polarization,  which  is  assumed  to  be  a  linear 
function  of  the  field,  and  Cu,  ^62,  and  e«a  are  the  three  remaining  constants 
which  describe  the  electro-optic  behavior  of  this  class.  These  formulae 
show  that  since  the  first  three  parameters  da  not  change,  the  only  effect 
in  this  type  of  crystal  is  the  rotation  of  the  principal  axes  around  the 
lines  of  force.     If  the  comf)onents  of  the  rotation  are  ^^i  <l>y  and  ff>t  then 

2a28 

tan  20,  = f        etc., 

a22   "-  ^28 

or  (16) 

2e4iPx  K,  -  I  -^ 

Values  given  by  Pockels  to  the  constants  of  Rochelle  salt  are: 
^62  =  -  10.8  X  10-^        e«8  =  +  2.1  X  lo-^ 

He  remarks  that  the  value  of  ^41  could  not  be  definitely  determined 
because  of  the  strong  internal  conductivity  in  this  direction,  but  still 
that  it  was  found  to  be  negative  and  of  the  same  order  of  magnitude 
as  ^62  or  perhaps  greater.  In  some  cases  of  other  crystals  he  was  able 
to  calculate  how  much  of  the  effect  was  due  to  electric  deformation, 
but  in  the  case  of  Rochelle  salt  the  necessary  data  on  elastic  constants 
and  piezo-optic  coefficients  was  lacking.  The  sign  of  ees,  however,  is 
opposite  to  what  it  would  be  if  all  the  effect  were  due  to  electrfc  deforma- 
tion so  that  there  is  surely  a  direct  electro-optic  effect  in  this  case  at  least. 
In  the  a  direction  Pockels  found  also  an  increase  in  double  refraction. 
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i.g.,  a  Kerr  eflFect,  and  states  that  this  might  be  related  to  the  large 
internal  conductivity  in  this  direction.  The  conductivity  of  the  crystal 
is,  however,  not  particularly  large  under  ordinary  conditions  as  the 
preceding  pages  show. 

The  present  work  is  concerned  with  the  variation  in  the  electro-optic 
eflFect  near  the  upper,  more  accessible,  critical  piezo-electric  temperature 
range.  Whereas  Pockels  calculated  the  rotation  of  the  principal  axes 
by  observing  the  change  in  double  refraction  in  some  known  direction 
in  the  plane  normal  to  the  field,  the  writer  sought  to  measure  the  eflFect 
more  directly.  The  most  convenient  arrangement  was  considered  to  be 
one  in  which  transparent  electrodes  were  applied  to  the  faces  of  the  crystal 
so  that  observations  could  be  made  in  the  direction  of  the  lines  of  force. 
For  this  purpose,  alcohol  electrodes  were  used  since  this  substance  does 
not  dissolve  the  crystal  while  its  conductivity  is  10'  times  as  great  as 
that  of  Rochelle  salt  at  the  temperatures  employed.  The  arrangement 
used  in  mounting  the  crystal  plate  is  shown  in  Fig.  5.    A  diflFerence  of 


Fig.  5. 

potential  was  applied  between  the  platinum  rings  BB  which  were  near 
the  crystal  and  in  the  tubes  containing  the  alcohol.  The  crystal  was 
clamped  between  the  rubber  tubes  CC  by  the  screws  DD  running  through 
the  hard  rubber  blocks  EE.  The  plane-parallel  windows  AA  were 
cemented  on  with  paraflSn.  A  thermocouple  T.C.  came  under  one  of 
the  rubber  tubes  close  to  the  crystal.  To  minimize  electrical  leakage 
over  the  surfaces  the  plate  was  made  as  large  as  possible  so  as  to  present 
a  maximum  distance  around  the  edges.  The  alcohol  had  to  be  free  of 
water  so  as  not  to  spoil  the  faces  of  the  plate.  The  diflFerence  of  ()otential 
was  applied  and  measured  by  the  same  scheme  as  used  in  the  conductivity 
measurements. 

The  monochromatic  light  used  in  the  measurements  was  furnished  by 
a  Hilger  wave-length  spectrometer  in  connection  with  an  arc  light. 
For  most  purposes  the  brightest  illumination  obtainable  gave  the  best 
results.  This  proved  to  be  the  yellow-green  of  5737  A.  A  lens  and  nicol 
prism  were  placed  in  the  beam  so  that  plane  polarized  parallel  light 
could  be  transmitted  through  the  crystal  plate  in  the  direction  of  the 
applied  field.     The  resulting  elliptically  polarized  light  was  analyzed 
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by  A.  Q.  Tool's  modification^  of  Stokes's  analyzer  which  was  kindly 
loaned  to  the  writer  by  the  University  of  Nebraska. 

For  any  crystal  plate  with  relative  retardation  S  and  orientation  ^ 
with  respect  to  the  plane  of  polarization  of  the  incident  light,  the  angle  <a 
whose  tangent  is  the  ellipticity  is  given  by  the  equation: 

sin  20)  =  sin  20  sin  5.  (17) 

For  a  Stokes's  analyzer  of  compensator  order  tNi  which  is  set  on  this 

ellipse  we  have :  ^ 

sin  20)  =  sin  2irNi  cos  n, 

where 

XT       tan  n  ,  ^. 

cos  2tNi  = (18) 

tan  c  ^    ' 

and  n  and  c  are  respectively  the  differences  between  complementary 
compensator  and  nicol  settings.  Combining  these  two  equations  and 
differentiating,  we  find  that: 

—  sin  27ri\ri*sin  n- An  =  2  cos  20-sin  5- A^  +  sin  20«cos  5«A5.       (19) 

Suppose  that  the  plate  is  set  so  that  ^  =  o.  Then  if  the  compensator 
is  very  nearly  a  quarter  wave  plate  and  the  ellipticity  is  small  so  that  n 
is  nearly  t/2,  we  have  as  more  or  less  of  an  approximation  according  to 
the  accuracy  with  which  these  conditions  are  fulfilled : 

An  =  2  sin  5-A0.  (20) 

The  relative  retardation  B  can  be  calculated  from  the  indices  and  the 
thickness  of  the  plate.  For  the  best  accuracy  the  thickness  should  be 
such  that  sin  d  is  nearly  unity.     The  value  of  6  is  given  by: 

5  =  -^  (ni  -  nt).  (21) 

For  light  of  wave-length  0.00005737  cm.,  S  is  equal  to  19.75  d,  so  that  d 
should  best  be  2.00,  2.15,  2.31,  2.47,  etc.,  millimeters  and  not  2.39,  2.55, 
etc.     At  the  proper  thickness  a  change  in  d  has  a  negligible  effect  on  An . 
as  equation  (19)  shows.     By  choosing  such  a  thickness,  errors  due  to 
temperature  and  ordinary  electro-striction  are  eliminated. 

A  suggestion  for  improvement  in  apparatus  and  method  is  to  mount 
the  crystal  on  a  graduated  circle,  and,  having  set  the  analyzer  for  plane 
polarized  light,  find  the  rotation  of  the  crystal  necessary  to  restore  it. 
This  would  measure  the  angle  A<t>  directly.  The  writer  did  not  have  a 
circle  available  to  carry  this  out. 

1  Tool,  Phys.  Rev.,  XXXI.,  p.  i,  1910. 

'Tuckerman,  Univ.  of  Nebr.  Studies,  IX.,  No.  2.  1909. 
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The  results  of  the  observations  are  presented  in  Fig.  6,  curve  A. 
The  ordinates  give  the  rotation  in  degrees  of  the  a  and  p  axes  in  their 
plane  per  volt  per  centimeter  normal  to  them.  The  fields  used  were 
about  8,000* volts  per  centimeter.  The  rotation  reverses  with  the  direc- 
tion of  the  field  and  bears  a  right-hand  screw  relation  to  the  directions 
of  the  lines  of  force.  Referring  to  equation  (16)  the  constant  Cu  was 
found  to  have  the  values: 

-  1.94  X  10-8  at  20^*  C, 

-  2.66  X  10-8  at  25^*  C, 

-  2.76  X  10-8  at  30^*  C. 

In  computing  these,  the  fields  were  put  in  electro-static  units  and  the 
values  of  the  dielectric  constant  used  were  those  determined  by  the 
writer  and  are  plotted  in  Fig.  6,  curve  C. 


v 

^ 

t 

./a 

■a 

at 
-«a 

at 

A 

r®^ 

g§ 

^. 

N*., 

c  ^ 

N 

N 

\, 

*f 

\ 

\ 

\, 

^ 

\ 

\ 

^S 

Q\ 

(If 

\ 

\ 

"" 

■^ 

Qt 

N 

^ 

>v 

■^ 

^ 

^- 

§J 

N 

^ 

^ 

c\ 

0 

"^ 

^ 

^ 

s^ 

Of 

Fig.  6. 

There  is  a  decided  decrease  in  the  angular  rotation  as  the  temperature 
changes  from  20  to  30®  C.  and  the  field  is  kept  constant.  To  show  the 
variation  in  piezo-electric  modulus  and  dielectric  constant  in  the  same 
range,  curves  B  and  C  are  drawn.  A  comparison  with  curve  A  shows 
that  the  decrease  in  electric-optic  rotation  is  less  than  that  of  either  the 
piezo-electric  modulus  or  the  dielectric  constant,  although  it  is  more 
nearly  equivalent  to  the  latter.  Indeed,  one  observes  that  e^u  which 
refers  to  the  rotation  per  unit  polarization,  increases  continuously 
throughout  this  range. 

This  is  a  very  striking  result  in  view  of  the  fact  that  the  piezo-electric 
modulus  decreases  so  appreciably.  If  the  elastic  coefficients  and  the 
piezo-optic  constants  do  not  change  then  the  portion  of  the  electro-optic 
effect  due  to  electric  deformation  decreases  in  the  same  manner  as  the 
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piezo-electric  moduli.  The  direct  effect  of  the  field  on  the  vibrations  of 
the  dispersion  charges  would  then  necessarily  increase  and  soon  give 
nearly  the  whole  effect.  As  this  is  improbable,  it  seems  that  there  is 
a  decided  change  in  the  elasticity  or  the  piezo-optic  coefficients  or  both. 
In  the  absence  of  definite  data  on  these  quantities  no  more  can  be  said 
at  present.  The  writer  inclines  to  the  view  that  an  increase  in  elastic 
constants  occurs  sufficient  to  account  for  both  the  variation  in  the 
piezo-electric  moduli  and  the  increase  in  the  electro-optic  effect. 

Pyro-electric  Effect. 

Although  Rochelle  salt  is  classed  as  a  type  of  crystal  that  should  give 
no  pyro-electric  effect,  still  the  existence  of  a  measurable  polarization  in 
the  &  direction  makes  it  possible  that  such  an  effect  can  be  observed. 
The  greatest  difficulty  in  measuring  it  is  the  danger  of  exciting  a  piezo- 
electric effect  due  to  non-uniform  heating.  Customarily,  the  charges 
which  appear  on  the  faces  of  the  crystal  are  measured  between  two  steady 
temperatures  so  that  these  errors  tend  to  cancel  out.  Due  to  the  diffi- 
culty of  producing  liquid  insulating  baths  of  steady  temperature  in  the 
range  to  be  investigated  and  because  of  the  likelihood  of  leakage,  a  slow 
rate  of  heating  was  employed.  The  utmost  precautions  were  taken  to 
keep  the  heating  uniform.  The  crystal  plate  was  made  circular  so  that 
the  residual  thermo-elastic  stresses  would  have  a  symmetrical  distribution 
and  balance  their  piezo-electric  action.  This  plate  was  suspended  by 
the  leads  inside  two  concentric  cylinders  of  brass.  Copper  diaphragms 
and  plugs  of  wool  in  the  ends  served  to  make  the  temperature  distribution 
uniform.  To  test  the  symmetry  of  the  heating,  measurements  were 
made  with  the  crystal  in  two  positions  at  90®  to  each  other  so  as  to  give 
the  complementary  distribution  of  stresses.  This  just  reversed  the  error 
due  to  the  piezo-electric  effect. 

The  charge  was  measured  as  it  appeared  on  the  faces,  beginning  at 
—  70®  C,  by  an  electrometer  compensating  system.  This  always  kept 
the  faces  of  the  crystal  nearly  at  zero  potential  and  eliminated  leakage 
to  a  large  extent.  In  Fig.  7  several  curves  are  shown  which  give  as 
ordinates,  the  pyro-electric  charge  developed  between  —  70®  C.  and  the 
temperature  plotted  as  abscissa.  Curve  C  gives  the  results  obtained 
with  the  crystal  rotated  90°  to  its  previous  position. 

Attention  is  rather  called  to  the  general  nature  of  these  curves  than  to 
numerical  values  although  it  may  be  noted  that  the  electrode  area  was 
1.44  cm.*  The  piezo-electric  error  has  been  largely  eliminated  for  it  will 
be  observed  that  the  results  were  very  similar  in  the  complementary 
positions  mentioned  above.     In  addition  to   this,   the  variation  with 
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temperature  does  not  approach  the  magnitude  of  that  shown  by  the 
piezo-electric  charge  for  constant  stress.  The  heating  rate  was  constant 
and  this  should  have  made  the  stresses  nearly  constant.  These  facts  all 
point  to  the  pyro-electric  character  of  the  charge  measured. 


=E=i#!^fe 


'A7      ^f»X 


Fig.  7. 


Since  the  dilatation  of  the  crystal  varies  uniformly,  this  charge  cannot 
be  accounted  for  by  expansion  and  it  is  therefore  what  is  termed  a  ''real" 
pyro-electric  effect.  The  pyro-electric  coefficient  or  change  in  surface 
density  of  charge,  which  is  proportional  to  the  derivative  of  the  curves 
shown,  evidently  reverses  sign  just  below  room  temperature  and  becomes 
very  large.  The  existence  of  a  real  pyro-electric  effect  is  of  special 
interest  because  of  its  apparent  non-existence  from  data  obtained  on 
other  crystals.^  It  may  be  advisable  to  make  a  quantitative  determina- 
tion by  some  accurate  method. 

Neumann's  Principle. 

In  the  case  of  Rochelle  salt  the  mere  existence  of  any  kind  of  polar 
effect  is  of  great  interest  because  of  the  symmetry  of  the  crystal  form. 
Rochelle  salt  is  always  classified  as  a  hemihedral  orthorhombic  crystal. 
It  does  not  have  any  polar  symmetry  in  its  crystal  form  and  hence  should 
have  no  directed  physical  properties.  This  conclusion  is  based  on 
Neumann's  principle*  which  is  a  very  fundamental  hypothesis  in  crystal 
physics.  It  states  that  the  physical  properties  have  always  at  least 
the  symmetry  of  the  crystal  form.  Applications  of  this  principle  are 
extensively  used  to  reduce  general  physical  formulae  to  their  simplest 
form  for  any  particular  type  of  crystal  form. 

If  Rochelle  salt  is  really  in  the  hemihedral  class  of  the  orthorhombic 
system,  then  much  of  the  data  collected  by  the  writer  and  others  disprove 
the  exactness  of  Neumann's  principle.  There  are  various  effects  so  far 
studied  that  show  a  definite  polarity  in  the  Sl  crystallographic  direction. 
In  the  first  place  there  are  the  condenser  charge  and  discharge  throws 

1  Lindemann.  Ann.  d.  Phys.,  62,  No.  2,  107,  1920. 
*  Voigt,  Krystallphysik,  p.  3  and  p.  20. 


Digitized  by 


Google 


Na6"!^^*]  ROCHELLE  SALT.  66 1 

which  Anderson^  first  showed  were  different  in  the  two  directions,  together 
with  the  unsymmetrical  hysteresis  loops  that  grew  out  of  the  writer's* 
study  of  Anderson's  experiments.  Secondly,  the  piezo-electric  pro[>erty 
in  various  electric  fields  shows  a  decided  dependence  on  the  direction  of 
the  field-  Then  there  is  also  the  unidirectional  conductivity  at  some 
temperatures,  and  finally  there  is  good  evidence  for  the  existence  of  a 
pyroelectric  effect.  This  proves  conclusively  that  Rochelle  salt  has 
directed  electrical  properties  in  the  &  direction. 

It  may  be  that  a  careful  study  of  the  crystal  form  will  show  that  it  is 
not  hemihedral  but  possibly  hemimorphic  and  thus  save  Neumann's 
principle.  All  of  the  work  done  by  the  writer  has  been  on  material 
furnished  by  two  large  crystals  presented  by  Dr.  W.  R.  Whitney  of  the 
General  Electric  Company.  A  record  of  a  rough  crystallographic  exam- 
ination of  the  first  one  to  be  used  up  did  not  contain  any  reference  to  a 
polar  structure.  The  second  crystal,  examined  more  recently,  does  show 
something  that  points  in  this  direction  and  was  not  noticed  at  first.  A 
drawing  of  the  base  of  the  crystal  is  shown  in  Fig.  iB,  The  faces 
indicated  are  all  prism  faces,  no  pyramids  being  present,  the  ends  of  the 
c  axis  being  bounded  by  pinacoids.  The  sphenoidal  faces  were  not 
present.  It  will  be  observed  that  the  &  direction  has  on  one  side  a  very 
narrow  face  normal  to  the  axis,  while  the  other  side  is  bounded  by 
sloping  planes.  In  other  respects  the  planes  occur  in  closed  groups  unless 
one  considers  the  few  irregularities  in  flatness  on  some  of  the  broader  faces. 

If  Rochelle  salt  is  hemimorphic  much  of  the  work  done  on  its  properties 
will  be  incomplete,  since  all  of  the  coefficients  p>ertaining  to  any  physical 
property  would  not  be  known.  To  find  these  would  necessitate  measure- 
ments in  several  other  known  directions  suitably  chosen  with  respect  to 
the  crystallographic  axes.  The  complete  set  of  coefficients  would  then 
appear  as  solutions  of  a  set  of  simultaneous  linear  equations.  The 
number  and  character  of  the  coefficients  to  be  determined  will  depend 
on  the  symmetry  of  the  physical  agency  and  the  reaction  to  which  it  is 
related.  These  are  classed  by  Voigt'  as  scalars,  e.g.,  temperature; 
vectors,  e.g.,  fields;  and  tensor  tripels,  e.g.,  stresses  or  strains.  Thus 
piezo-electric  phenomena  consist  of  relations  between  a  tensor  tripel, 
stress,  and  a  vector,  electric  polarization.  This  type  of  relation  requires 
In  general  eighteen  coefficients  for  its  complete  specification.  The  three 
components  of  polarization  are  expressed  by  Voigt  as  linear  functions 
of  the  six  stress  components  as  follows : 

P,  =  6nX,  +  di2Yy  +  buZ,  +  bi,Y,  +  5i5Z,  +  bi^y,     etc. 

» Anderson.  Report  to  the  National  Research  Council,  Mar.  and  Apr.,  19 18. 
«  Valaselc.  Phys.  Rev..  XVII..  p.  475,  and  XIX.,  p.  478. 
•  Voigt,  Krystallphysik.  p.  122. 
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In  the  orthorhombic  system  the  piezo-electric  moduli  are  reduced  by 
Neumann's  principle  to  the  following  sets: 

I.   Hemimorphic  Group  (-4/,  Ex) 
o       o       o       o       5iB    o 

0         O         O         524      o         o 
581     5s2     hzz     o        o        5m 

IL  Hemihedral  Group  (^4,*,  A/) 
o    o    o    5i4    o      o 
o    o    o    o       5tt    o 
o    o    o    o      o      5m 

This  brings  up  a  consideration  that  places  another  aspect  on  the 
situation.  A  plate  normal  to  the  &  axis  will  give,  in  the  first  system  above, 
a  charge  only  when  subjected  to  a  Z,  shear.  Measurements  made  on 
a  plate  so  oriented  show  under  a  F,  shear,  the  large  piezo-electric  effect 
characteristic  of  Rochelle  salt.  This  seems  to  prove  that  Rochelle  salt 
belongs  to  the  hemihedral  group  since  these  results  are  in  keeping  with 
the  nature  of,  the  second  system  of  moduli  given  above  and  not  in  agree- 
ment with  the  first. 

This  contradictory  array  of  facts  is  very  puzzling,  for  their  validity 
cannot  be  doubted.  Perhaps,  after  all,  Neumann's  principle  is  only 
approximately  true  or  probably  not  as  general  as  it  has  been  supposed 
to  be.  One  may  say  that  the  crystal  is  made  more  or  less  polar  by  the 
physical  agency  applied,  but  this  is  only  another  way  of  saying  that 
Neumann's  principle  is  not  exact  or  that  it  holds  only  in  the  limit  when 
the  stresses  or  fields  are  very  small. 

Piezo-electric  Theory. 

There  have  been  several  explanations  proposed  for  the  piezo-  and 
pyroelectric  phenomena.  In  order  to  account  for  pyroelectricity.  Lord 
Kelvin^  assumed  the  elements  of  the  crystal  structure  to  be  permanently 
polarized.  Under  ordinary  conditions  surface  chrkrges  compensate  for 
their  induction  at  external  points,  but  when  tht^^mperature  changes 
the  moment  alters,  and  free  charges  appear  on  certailt^ces.  Riecke* 
generalized  this  idea  to  account  for  piezo-electric  phenomena  as  well. 
His  "crystal  molecules"  consisted  of  rigid  pole  systems  of  specified  form 
instead  of  a  simple  dipole.  A  compression  or  temperature  change  would 
alter  the  distance  between  them  and  thus  change  the  moment  and  cause 
the  appearance  of  charges. 

» W.  Thomson,  Phil.  Mag.  (5),  5,  p.  26,  1878. 
'Riecke.  Nach.  Ges.  d.  Wiss.  Gott.,  1891. 
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Later  Voigt  ^  modified  Riecke's  theory  by  assuming  that  the  pole 
systems  could  be  distorted.  One  advantage  of  this  view  is  that  a 
permanent  polarization  is  made  unnecessary.  This  is  in  better  harmony 
with  experiment.  Phenomena  which  would  accompany  a  high  surface 
density  of  charge  demanded  by  Riecke*s  theory  have  never  been  observed. 
Moreover,  Voigt  showed  that  the  permanent  polarization  in  tourmaline 
is  small  and  equal  to  the  pyro-electric  response  for  a  change  in  tempera- 
ture of  only  26°  C.  Thus  he  found  that  the  permanent  polarization 
became  zero  if  the  crystal  was  heated  to  50°  C.  The  writer'  has  meas- 
ured the  permanent  polarization  of  Rochelle  salt  in  the  Sl  direction  and 
also  found  that  it  is  of  the  order  of  magnitude  of  variations  in  it.  It  is 
equal  to  the  piezo-electric  excitation  for  one  hundred  grams  or  equal  to 
the  polarization  produced  by  a  field  of  only  15  volts  per  centimeter. 
Applied  fields  of  between  —  1600  and  +  1600  volts  per  centimeter 
decidedly  change  and  even  reverse  the  direction  of  this  polarization  while 
they  do  not  reverse  the  piezo-electric  response  at  all.  They  merely 
change  its  value  in  such  a  way  that  it  approaches  zero  for  large  fields  of 
either  sign.  This  shows  that  the  changes  in  polarization  represented 
by  the  piezo-  and  pyroelectric  effects  are  not  dependent  on  the  existence 
of  a  permanent  polarization. 

An  explanation  based  on  different  assumptions  was  first  made  by  the 
Curie  brothers'  and  developed  later  by  Lord  Kelvin.*  The  basic  idea 
is  that  the  crystal  molecules  consist  of  connected  dissimilar  parts  having 
definite  contact  differences  of  potential.  Any  orderly  arrangement  of 
such  rigid  crystal  elements  connected  by  quasi-elastic  forces  acting  like 
elastic  non-conducting  springs,  will  take  on  a  definite  charge  distribution 
due  to  the  contact  differences  of  potential  and  depending  in  amount  on 
the  capacities  between  the  various  parts. 

A  distortion  of  such  an  arrangement  will  change  the  capacities  and 
cause  changes  in  the  potentials  of  insulated  plates  on  the  faces  of  the 
crystal.  Lord  Kelvin  points  out  in  detail  how  such  a  mechanical  model 
can  be  made  to  give  any  desired  value  to  the  twenty-one  piezo-  and 
pyroelectric  coefficients  and  satisfy  any  type  of  crystal.  A  real  pyro- 
electric effect  may  also  be  produced  in  this  model  by  the  distortion  of 
certain  springs  by  the  temperature,  so  that  even  if  the  faces  are  fixed, 
the  inner  molecules  rotate. 

On  either  Riecke's  or  Lord  Kelvin's  theory,  a  varying  piezo-electric 
effect  such  as  occurs  in  Rochelle  salt  at  certain  temperatures  would 

1  Voigt.  Nach.  Ges.  d.  Wiss.  Gott..  1893. 

» Valasek.  Phys.  Rev..  XVII..  p.  480. 

» J.  and  P.  Curie,  C.  R.,  q2,  352.  1881. 

*  W.  Thomson,  Phil.  Mag.  (5),  36,  453,  1893. 


Digitized  by 


Google 


664  JOSEPH   VALASEK,  [tonS! 

arise  from  a  change  in  either  the  crystal  structure  or  the  forces  between 
crystal  elements.  Circumstances  tending  to  alter  the  grouping  of  these 
elements  are  known  to  have  pronounced  effects  on  the  piezo-electric 
property,  but  such  alterations  in  the  structure  in  the  two  critical  tem- 
[>erature  ranges  of  Rochelle  salt  do  not  occur.  For  example,  between 
—  20  and  —  30°  C,  the  piezo-electric  activity  decreases  a  thousand 
fold  with  no  noticeable  variation  in  heat  absorption,  dilatation,  or 
refraction.     These  surely  would  change  if  the  crystal  form  were  altered. 

The  alternative  is  to  suppose  that  the  forces  between  crystal  elements 
change  at  these  temperatures.  These  forces  are  related  to  the  cohesive 
forces  and  the  elastic  constants.  They  may  vary  either  by  changing 
the  distances  between  the  crystal  elements  or  by  changing  their  structure 
and  hence  their  external  field.  A  change  in  molecular  structure  likewise 
appears  a  little  doubtful  because  of  the  constancy  of  the  specific  rotatory 
power.  Probably  this  and  other  optical  properties  give  no  information 
on  the  piezo-electric  structure  because  it  does  not  involve  charges  with 
frequencies  near  the  visible  region.  It  appears  that  transformations  in 
large  ions  or  groups,  and  changes  in  the  elastic  pro[>erties  of  Rochelle 
salt  occur  to  account  for  the  variations  in  the  piezo-electric  activity, 
since  these  could  not  have  been  detected  by  the  methods  employed. 
The  elastic  constants  await  study. 

If  the  x-ray  analysis  were  not  so  difficult  for  this  type  of  crystalline 
organic  compound,  it  would  be  worth  while  to  study  the  crystal  structure 
and  reflection  coefficients  by  this  means.  The  writer  thinks  that  some 
of  his  previous  work  shows  that  the  piezo-electric  structure  is  intimately 
bound  up  with  the  water  of  crystallization.  The  place  this  occupies  in 
the  crystal  structure  and  in  crystal  formation  in  general  is  therefore  of 
great  interest. 

The  writer  expresses  his  gratitude  to  the  National  Research  Council 

for  the  grant  of  a  fellowship  which  enabled  him  to  pursue  this  work. 

Physical  Laboratory. 

University  op  Minnesota, 
July,  1922. 


Digitized  by 


Google 


Na*6^*]  ^^   VOLTAGE  ARCS^JN  DIATOMIC  GASES,  665 


LOW  VOLTAGE  ARCS   IN   DIATOMIC  GASES. 
I.   Hydrogen,  Nitrogen,  and  Iodine. 

By  O.  S.  Duffendack. 

Synopsis. 

Low-voltage  Arcs  in  Hydrogen,  Nitrogen,  and  Iodine  Vapor. — After  a  general 
review  of  the  previous  experimental  results  and  theoretical  suggestions,  (i)  current- 
voltage  curves  obtained  with  a  simple  two-electrode  tube  are  described.  Precautions 
were  taken  to  insure  pure  gases.  The  breaking  potential  was  always  the  ionizing 
potential  of  the  gas,  16.3,  16.2,  and  14.6  volts,  respectively,  for  the  three  gases. 
The  striking  potential  was  greater  than  the  breaking  one  by  an  amount  which 
increased  with  the  pressure  and  with  increasing  cathode  filament  temperature. 
In  dissociated  hydrogen,  maintained  at  a  high  temperature  within  a  thin  tungsten 
cylinder  heated  electrically,  an  arc  was  readily  maintained  at  the  ionizing  potential 
of  the  atom.  13.7  volts,  and  under  very  favorable  conditions,  at  the  radiating 
potential.  lo.o  volts.  In  dissociated  iodine  vapor,  the  arc  was  maintained  at  12.1 
volts  and  under  certain  conditions  at  the  ionizing  potential.  10.2  volts.  Nitrogen 
was  not  appreciably  dissociated  in  the  furnace.  The  critical  potentials  given  above 
agree  with  the  best  previous  results  within  ±  0.2  volt  as  a  rule.  Those  associated 
with  the  atom  are  experimentally  distinguished  from  those  associated  with  the 
molecule. 

Electric  Furnace  Spectra  of  Hydrogen,  Nitrogen  and  Iodine  to  2500^  C. — In  hydro- 
gen, the  series  lines  flashed  in  when  the  arc  was  struck,  even  as  low  as  10.6  volts,  but 
the  bands  did  not  appear.  Evidently  the  series  lines  are  due  to  the  atom  and  the 
bands  to  the  molecule.  In  nitrogen,  a  brilliant  "flare"  was  produced  at  potentials 
which  decreased  from  70  to  40  volts  as  the  temperature  was  increased.  This 
"flare"  shows  both  the  positive  and  negative  bands  along  with  the  spectrum  of 
tungsten;  it  is  probably  due  to  the  formation  of  "active"  nitrogen.  At  70  volts 
the  first  lines.  5006  and  5003  A.,  appeared,  and  at  90  volts  only  two  more.  5680  and 
5667  A.  Reasons  are  given  for  assigning  the  positive  bands  to  the  neutral  molecule, 
the  negative  bands  to  the  ionized  molecule  and  the  lines  to  the  atom.  In  iodine, 
the  arc  lines,  particularly  4860  A.,  flashed  in  when  the  arc  struck,  the  enhanced 
lines  coming  in  at  higher  voltages.     No  band  spectrum  appeared. 

New  negative  bands  of  nitrogen  were  found  at  5075,  5018  and  4961  A. 

General  Theory  of  Low  Voltage  Arcs. 

^  I  ^HIS  investigation  was  undertaken  to  see  if  additional  light  could 
A  be  obtained  by  this  method  upon  the  critical  potentials  of  diatomic 
gases;  to  study  the  effect  of  the  dissociation  of  a  gas  upon  the  potentials 
at  which  an  arc  will  strike  and  break;  and  to  investigate,  incidentally, 
the  excitation  of  the  spectra  of  the  substances. 

The  method  of  investigating  critical  potentials  by  means  of  low 
voltage  arcs  differs  from  the  methods  usually  employed  for  determining 
ionizing  and  radiating  potentials  in  that  very  much  greater  electron 
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Streams  are  passed  through  the  gas  and  the  gas  is  usually  at  a  considerably 
greater  pressure.  Up  to  the  time  this  investigation  was  begun  this 
method  had  been  employed  only  with  monatomic  gases  and  vapors. 
Some  seeming  disagreements  appeared  between  the  results  obtained  by 
means  of  low  voltage  arcs  and  those  by  the  usual  methods.  When  only 
a  moderately  dense  electron  stream  was  sent  through  a  gas,  the  arc 
would  strike  at  the  ionizing  potential  as  determined  by  the  usual  methods, 
but  when  a  dense  electron  stream  was  employed  the  arc  could  be  made 
to  strike  as  low  as  the  radiating  potential.  The  striking  of  an  arc 
indicates  that  considerable  ionization  is  taking  place,  and  this  is  con- 
firmed by  the  appearance  of  the  spectrum  of  the  substance.  As  Bohr's 
theory  indicates  that  the  atom  is  not  ionized  at  the  radiating  potential, 
and  as  the  usual  methods  often  indicate  the  absence  of  ionization,  the 
striking  of  the  arc  at  this  potential  appeared  to  be  in  conflict  with  the 
previous  results. 

Various  explanations  of  these  anomalous  effects  with  dense  electron 
streams  have  been  proposed.  In  some  cases  it  was  thought  that  the 
ionization  of  impurities  present  might  account  for  the  effect,  and  Mc- 
Lennan^ attributed  the  appearance  of  ** faint  arcs"  to  electrons  of 
abnormally  high  velocities  in  the  electron  stream.  These  explanations 
seemed  insufficient  in  most  cases  and  others  were  proposed.  Millikan^ 
suggested  that  the  radiation  produced  by  impacts  at  the  radiating  poten- 
tial might  act  photoelectrically  upon  the  atoms  of  the  filament  or  of  the 
gas  and  thus  produce  additional  electrons  which  would  in  turn  be  acceler- 
ated by  the  applied  field  and  make  impacts  at  the  radiating  potential 
and  so  there  would  be  a  multiplication  of  the  original  current.  Richard- 
son and  Bazzoni'  and  Van  der  Bijl*  put  forward  the  theory  of  successive 
impacts,  and  the  former  also  suggested  that  a  combined  action  of  radia- 
tion and  of  impacts  accounts  for  the  ionization.  K.  T.  Compton* 
investigated  the  adequacy  of  the  theory  of  successive  impacts  and  con- 
cluded that,  while  it  is  an  important  factor,  in  general,  ionization 
produced  in  this  way  is  insufficient  to  account  for  the  observed  results. 
He  has  recently  shown*  that  the  cumulative  effect  of  absorbed  radiation 
is  far  more  effective  than  successive  impacts,  and  it  seems  that  this 
may  account  for  most  of  the  cases  reported. 

In  order  to  understand  better  the  results  obtained,  it  will  be  well  for 

*  Proc.  London  Phys.  Soc.,  31,  i  (191 8). 
'Physical  Review,  9,  378  (1917). 
•Nature,  48,  s  (1916). 

*Phys.  Rev.,  10,  546  (1917). 
•Phys.  Rev..  15,  130,  476  (1920). 

•  Amer.  Phys.  Soc.  Proc,  New  York  meeting,  1922. 
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US  to  recall  what  is  meant  by  an  arc.  Richardson  has  shown  that  the 
saturation  thermionic  current  from  an  incandescent  cathode  is  given  by 

i  =  aT^e  t 

where  a  and  b  are  constants  and  T  is  the  absolute  temperature  of  the 
filament.  When  this  equation  is  tested,  however^  it  is  found  that,  while 
it  holds  quite  well  at  the  lower  temperatures,  the  current  falls  short  of 
the  value  predicted  by  the  equation  for  the  higher  temperatures  and 
reaches  a  maximum  value  which  is  much  less  than  the  saturation  current. 
The  point  of  departure  from  the  Richardson  relation  depends  upon  the 
voltage  applied  and  is  earlier  for  the  lower  voltages.  The  maximum 
current  obtainable  is  likewise  less  the  lower  the  voltage. 

The  reason  for  the  failure  of  Richardson's  equation  was  investigated 
by  Langmuir,^  and  it  was  found  to  be  due  to  the  effect  of  the  space 
charge  of  the  emitted  electrons.  If  no  electrons  are  emitted  by  the 
filament,  the  potential  will  vary  linearly  between  the  electrodes.  When 
electrons  are  emitted  and,  under  the  influence  of  the  field,  pass  over  to 
the  anode,  they  form  an  electric  current  and  build  up  a  space  charge. 
The  potential  gradient  will  no  longer  be  uniform  between  the  electrodes 
but  will  be  less  near  the  filament  on  account  of  the  concentration  of  elec- 
trons there.  These  electrons  will  repel  one  another  and  so  will  impede 
those  just  being  emitted  by  the  filament.  As  the  speed  of  an  electron 
is  proportional  to  the  potential  gradient,  there  will  be  a  diminution  of 
the  average  velocities  of  the  electrons  near  the  filament  and  a  resulting 
increase  in  concentration.  This  results  in  increased  impedance  until 
finally  the  space  charge  becomes  so  great  that  the  potential  gradient 
becomes  zero  or  even  negative.  An  equilibrium  condition  will  be  reached 
in  which  the  electrons  emitted  with  velocity  components  parallel  to  the 
electric  intensity  below  a  certain  amount  will  be  stopped  and  driven 
back  to  the  filament.  There  can  then  be  no  further  increase  in  current 
at  the  prevailing  temperature  of  filament  and  potential  applied. 

Now  if  ionization  takes  place,  we  have  a  quite  different  state  of  affairs. 
The  positive  ions  will  neutralize  the  space  charge  of  the  electrons.  The 
densities  of  electrons  and  of  ions,  and  hence  the  space  charges  due  to 
them,  will  vary  inversely  with  their  velocities.  Their  velocities  vary 
directly  as  their  mean  free  paths  and  inversely  as  the  square  roots  of  their 
respective  masses.  Thus  each  positive  ion  neutralizes  the  space  charge 
of  4  V2  V1846  M  electrons,  where  M  is  the  molecular  weight.^    Therefore, 

1  Phys.  Rev.,  2,  543  (1913). 

*  The  factor  4  is  due  to  the  negligible  size  of  the  electron  and  the  factor  1/2  to  the  fact 
that  its  speed  is  of  a  higher  order  than  that  of  the  molecules  among  which  it  moves.  See 
any  treatise  on  Kinetic  Theory. 


Digitized  by 


Google 


668  O.   5.   DUFPENDACK,  [^S 

one  positively  charged  hydrogen  atom  will  neutralize  the  space  charge 
of  243  electrons,  one  positively  charged  hydrogen  molecule  will  neutralize 
343  electrons.  Now  if  we  have  reached  the  maximum  current  limited 
by  the  space  charge,  the  formation  of  one  ppsitive  hydrogen  molecule  ion 
will  permit  the  emission  of  342  additional  electrons.  If  every  electron 
emitted  ionized  a  molecule,  the  electron  current  would  increase  more 
than  three  hundred  times.  These  newly  emitted  electrons  would  in 
their  turn  be  accelerated  and  would  ionize  other  molecules,  and  so  on» 
and  the  current  would  continue  to  increase  until  the  saturation  current 
indicated  by  Richardson's  equation  is  reached.  To  this  current  would 
be  added  the  current  carried  by  the  ions  and  electrons  formed  in  the 
process  of  ionization.  There  would  be  a  further  increase  in  emission  due 
to  the  heating  of  the  filament  as  a  result  of  its  bombardment  by  positive 
ions,  and  there  would  be  a  diminution  of  current  due  to  the  recombination 
of  ions  and  electrons.  The  data  from  hydrogen  show  ratios  of  current  in 
the  arc  to  that  before  the  arc  of  from  2  to  120  depending  upon  the 
temperature  of  the  filament.  The  current  through  the  arc  was  about 
that  to  be  expected  from  Richardson's  equation. 

Now  let  us  look  a  little  further  into  the  mechanism  of  the  arc.  When 
the  space  charge  immediately  surrounding  the  filament  is  neutralized  or 
reversed  by  positive  ions,  we  will  have  a  large  increase  in  electron  emission 
from  the  filament,  and  the  arc  will  strike.  This  is  accompanied  by  a 
redistribution  of  the  electric  intensity  in  the  tube,  resulting  in  a  large 
drop  in  potential  near  the  cathode.  This  fall  in  potential  will  be  a 
large  fraction  of  the  total  potential  difference  between  the  electrodes, 
but,  obviously,  the  potential  can  nowhere  be  higher  than  at  the  anode 
as  this  would  give  a  negative  gradient  and  would  prevent  electrons  which 
had  lost  their  velocities  from  reaching  the  anode.  The  exact  distribution 
of  potential  cannot  be  computed  for  want  of  knowledge  concerning  the 
distribution  of  space  charges.  This  cathode  fall  of  potential  will  enable 
electrons  to  ionize  at  their  first  impact,  or,  at  least,  it  will  greatly  increase 
the  ionization  near  the  cathode.  This  view  of  the  distribution  of  electric 
intensity  in  the  arc  is  supported  by  the  observations  that  the  spectrum  is 
most  intense  in  the  region  near  the  filament  and  that  the  glow  of  the 
arc,  if  it  is  small,  is  confined  to  the  region  immediately  surrounding 
the  filament. 

If  we  assume  the  distribution  of  electric  intensity  explained  in  the 
preceding  paragraph,  the  potentials  at  which  an  arc  will  strike  and  break 
can  easily  be  deduced.  As  the  striking  of  the  arc  follows  the  neutraliza- 
tion of  the  space  charge,  it  will  normally  occur  at  or  above  the  ionizing 
potential  of  the  substance,  depending  upon   the  temperature  of  the 
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filament  and  the  pressure  of  the  gas.  If  a  considerable  fraction  of  the 
molecules  are  in  a  partially  ionized  condition,  due  to  the  absorption  of  a 
quantum  of  radiation  or  to  an  impact  with  an  electron  possessing  sufficient 
energy  to  displace  an  electron  in  the  molecule  but  not  to  remove  it,  a 
sufficient  number  of  positive  ions  may  be  formed  by  impacts  with  these 
molecules  to  cause  the  arc  to  strike  at  a  potential  below  the  ionizing 
potential.  As  it  seems  improbable  from  Professor  Compton's^  work 
that  this  can  be  accomplished  by  successive  impacts  alone,  we  need 
examine  only  the  case  of  the  absorption  of  radiation.  If,  as  is  usually 
the  case,  the  radiation  comes  from  the  substance  itself  smd  not  from 
without,  electron  impacts  at  the  radiating  potential  will  be  required  to 
produce  the  radiation,  as  radiation  corresponding  to  the  first  line  of  the 
principal  series  is  necessary.  Therefore,  it  is  possible  to  get  an  arc  to 
strike  at  a  potential  equal  to  the  difference  between  the  ionizing  and 
radiating  potentials  of  the  substance,  provided  that  this  difference  is  not 
less  than  tjie  radiating  potential;  or  at  the  radiating  potential,  provided 
that  this  is  not  less  than  half  the  ionizing  potential.  With  dense  electron 
streams,  the  arc  has  been  made  to  strike  in  all  of  the  monatomic  gases 
thus  far  investigated  at  the  radiating  potential.  It  is  noteworthy,  how- 
ever, that  a  distinct  time  lag  in  the  striking  of  the  arc  was  noted  by 
nearly  all  of  the  observers  for  voltages  between  the  radiating  and  ionizing 
potentials.  It  was  found  impossible  to  get  the  arc  to  strike  in  the 
diatomic  gases  investigated  at  a  voltage  less  than  the  ionizing  potential. 
This  is  probably  due  to  the  loss  of  energy  by  inelastic  impacts  in  the 
diatomic  gases  and  to  the  fact  that  the  molecules  are  unable  to  absorb 
and  reemit  the  resonance  radiation,  which  comes  from  the  atoms. 

After  the  arc  has  struck,  it  will  continue  as  long  as  the  space  charge 
surrounding  the  filament  remains  positive.  With  a  dense  electron  stream 
the  arc  can  be  maintained  indefinitely  at  the  radiating  potential  in  a 
monatomic  gas,  provided  that  this  is  not  less  than  half  the  ionizing 
potential.  Obviously,  the  arc  can  be  maintained  temporarily  at  a  voltage 
equal  to  the  difference  between  the  ionizing  and  radiating  potentials 
even  when  this  is  less  than  the  radiating  potential,  but  it  must  eventually 
break  due  to  the  loss  of  radiation  from  the  tube. 

In  diatomic  gases  the  arc  invariably  broke  at  the  ionizing  potential, 
but  it  is  comparatively  easy  to  maintain  the  arc  in  monatomic  gases  at 
the  radiating  potential  when  this  is  not  less  than  half  the  ionizing  poten- 
tial. In  some  cases  the  arc  has  been  maintained  for  a  considerable  time 
at  the  radiating  potential,  or  less,  even  when  this  is  less  than  half  the 
ionizing  potential.     This  was  done  in  the  case  of  mercury  vapor  by  Hebb,* 

1  Loc.  cit. 

*  Phys.  Rev.,  9,  371  (1917);   12,  482  (1918). 
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Millikan,^  and  Compton  and  Yao ;  ^  in  sodium  vapor  by  Wood  and  Okano,' 
and  in  mixtures  of  sodium  and  mercury  and  potassium  and  mercury 
vapors  by  Hebb.  That  these  are  not  anomalous  cases  was  shown  by 
Compton  and  Yao,  who  worked  out  a  satisfactory  explanation  of  these 
cases  upon  the  basis  of  the  distribution  of  velocities  of  emission  of  the 
electrons.  The  ionizing  potential  of  mercury  is  104  volts  and  the 
radiating  potential  is  4.9  volts.  Compton  and  Yao  maintained  the  arc 
in  mercury  vapor  at  1.8  volts.  They  showed  that  there  are  a  sufficient 
number  of  electrons  emitted  from  a  hot  filament  with  initial  velocities 
sufficient  to  make  up  the  difference  between  the  1.8  volts  observed  and 
the  5.5  volts  theoretically  required  to  maintain  the  arc. 

The  case  of  helium  is  a  more  striking  one.  The' ionizing  potential  of 
helium  is  25.5  volts  and  radiating  potentials  of  20.4  and  21.2  volts  have 
been  found.  It  should,  therefore,  be  possible  to  maintain  an  arc  in 
helium  temporarily  at  5.1  or  4.3  volts.  Kannenstine*  got  evidence 
that  this  can  be  done  by  taking  oscillograph  records  of  the  currwit  through 
a  helium  arc  when  an  alternating  field  is  applied.  These  records  show  a 
[>ersistence  of  the  arc  at  about  4  volts  when  a  sixty-cycle  circuit  was  used. 
This  would  give  a  time  interval  of  the  order  of  a  hundredth  of  a  second. 
Compton,  Olmstead,  and  Lilly,*  maintained  an  arc  for  a  considerable 
time  at  8  volts,  and  Miss  Davies*s  •  work  indicates  that  the  arc  can  be 
maintained  for  an  indefinite  period  at  13  volts.  These  observers  do  not 
claim  that  these  voltages  are  critical  potentials;  the  important  point  is 
that  in  the  case  of  helium  it  seems  possible  to  maintain  an  arc  indefinitely 
at  a  potential  far  too  much  below  the  radiating  potential  to  allow  an 
explanation  on  the  basis  of  velocity  distribution.  Miss  Davies  suggest 
that  helium  is  converted  into  a  metastable  form  by  electron  impacts 
at  20.4  volts  and  that  this  is  then  ionized  by  impacts  of  5.1  volts  or  more. 
When  these  ions  are  neutralized  the  atom  remains  in  the  metastable 
condition  and  does  not  return  to  the  normal  form.  Once  this  is  formed, 
then,  the  arc  can  be  maintained  at  a  potential  as  low  as  5.1  volts  until  the 
helium  is  reconverted  into  the  normal  form.  The  process  by  which  the 
metastable  atom  is  changed  into  the  normal  atom  is  not  well  understood, 
although  Franck  and  Knipping^  suggest  that  it  depends  upon  the  cata- 
lytic action  of  impurities.  It  should  be  noted  that  the  arc  does  not  strike 
in  helium  at  potentials  less  than  20.4  volts. 

>  Phys.  Rev.,  9,  378  (191 7). 

*  Amer.  Phys.  Soc.  Proc.,  Washington  meeting,  1922. 
»  Phil.  Mag..  34,  177  (1917). 

*  Amer.  Phys.  Soc.  Proc.,  New  York  and  Washington  meetings,  1922. 

*  Phys.  Rev.,  15,  545  (1920). 

*  Roy.  Soc.  Proc..  A,  100,  599  (1922). 

*  Zeit.  fUr  Physik,  i,  320  (1920). 
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Apparatus. 
The  apparatus  employed  in  this  investigation  was  of  two  types.  The 
first  was  a  simple  two-element  tube,  consisting  of  a  tungsten  wire  filament 
and  a  nickel  plate  anode  placed  at  a  distance  of  about  5  mm.  from  the 
filament.  A  potential  difference  was  applied  between  the  negative  end 
of  the  filament  and  the  plate  and  could  be  varied  by  control  rheostats. 
The  current  between  the  electrodes  was  read  on  a  sensitive  milliammeter 
placed  in  series  with  the  arc.  The  current  through  the  arc  was  recorded 
as  the  voltage  was  raised  by  steps  from  zero.  The  striking  of  the  arc 
was  indicated  by  a  sudden  jump  in  the  current  and  also  usually  by  the 
appearance  of  a  glow  around  the  filament  and  the  flashing  in  of  the 
spectrum  of  the  gas.  The  potential  across  the  arc  was  corrected  to  that 
which  obtained  between  the  middle  of  the  filament  and  the  plate  by 
subtracting  from  the  reading  of  the  voltmeter  half  the  potential  drop 
across  the  filament.  This  correction  is  subject  to  error  when  the  filament 
is  very  hot  as  there  may  then  be  sufficient  emission  from  the  negative 
end  of  the  filament  to  maintain  the  arc.  The  effect  of  initial  velocities  of 
emission  from  the  filament  is  such  as  to  more  or  less  counterbalance 
this  error. 
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Fig.  1. 

It  was  found  impossible  in  the  simple  tube  to  maintain  the  arc  at 
voltages  less  than  the  ionizing  potential.  The  failure  to  do  so  was 
ascribed  to  there  being  an  insufficient  amount  of  the  monatomic  gas 
present  in  the  tube  when  due  only  to  the  dissociating  action  of  the 
filament  and  of  the  arc.  Professor  Compton  suggested  that  it  might  be 
possible  to  dissociate  hydrogen  and  other  gases  by  means  of  a  tungsten 
furnace  which  could  also  be  used  as  one  of  the  electrodes  of  the  arc. 
The  construction  of  the  furnace  developed  by  the  writer  is  shown  in  the 
accompanying  diagram.  It  consists  of  a  cylinder  of  very  thin  sheet 
tungsten   mounted  on  water  cooled  leads.     A  tungsten   filament  ran 
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axially  through  the  cylinder  and  was  made  the  cathode.  The  fall  of 
potential  in  the  furnace  and  that  in  the  filament  were  in  the  same 
direction.  In  the  earlier  experiments  with  this  tube,  the  potential  was 
applied  between  the  positive  end  of  the  furnace  and  the  negative  end  of 
the  filament.  The  reading  of  the  voltmeter  was  corrected  to  give  the 
potential  between  the  middle  of  the  electrodes  by  subtracting  half  the 
sum  of  the  voltage  drops  across  the  furnace  and  the  filament.  This 
correction  was  checked  by  a  sharp  rise  in  the  thermionic  current  when 
the  voltmeter  read  this  amount.  This  correction  is  subject  to  the  same 
error  as  in  the  case  of  the  simple  tube  for  very  hot  filaments.  The  parts 
of  the  furnace  were  later  modified  so  that  the  drops  of  potential  in  the 
furnace  and  in  the  filament  and  also  in  the  furnace  leads  and  filament 
leads  were  identical.  The  potential  was  then  applied  between  the  neg- 
ative ends  of  the  furnace  and  filament  and  the  voltmeter  read  the  voltage 
obtaining  between  corresponding  parts  of  the  furnace  and  the  filament. 


/c        /s tTT 
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Fig.  2. 

This  condition  was  practically  equivalent  to  having  two  equipotential 
surfaces  as  electrodes.  The  temperature  of  the  furnace  was  estimated 
from  the  resistivity  of  the  tungsten.  Calculations  of  the  resistivity 
showed  that  temperatures  of  about  2,500°  C.  were  obtained. 

Arcs  in  Hydrogen. 

The  hydrogen  was  generated  by  the  electrolysis  of  dilute  sulphuric 
acid  and  was  purified  by  passing  it  over  phosphorous  pentoxide  and 
through  charcoal  immersed  in  liquid  air.  The  pressure  of  the  gas  in  the 
tube  was  read  on  a  McLeod  gauge.  Before  the  gas  was  admitted  into 
the  tube,  the  electrodes  were  thoroughly  glowed  out,  and  when  the 
simple  tube  was  used,  it  was  thoroughly  baked. 
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Figs.  2,  3,  and  4  show  the  effect  of  the  temperature  of  the  filament 
on  the  potential  at  which  the  arc  strikes  and  breaks.  These  curves 
were  obtained  from  three  successive  runs  in  hydrogen  at  a  pressure  of 
1.3  mm.  The  potential  of  the  break  is  lower  the  greater  the  filament 
current,  becoming  slightly  less,  Fig.  4,  than  the  ionizing  potential  of 
hydrogen.  This  illustrates  the  error  in  the  zero  correction  for  hot  fila- 
ments as  pointed  out  in  a  foregoing  paragraph. 
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Fig.  4. 


Figs.  5,  6,  and  7  show  the  effect  of  the  pressure  of  the  gas  upon  the 
potentials  at  which  the  arc  strikes  and  breaks.  For  these  curves  runs 
were  taken  at  pressures  of  0.4,  2.4  and  5.5  mm.  and  the  filament  currents 
were  such  as  to  give  practically  the  same  increase  in  current  when  the 
arc  struck.  The  striking  potential  regularly  increases  with  the  pressure 
as  does  the  difference  between  the  striking  and  breaking  potentials. 
The  curves  indicate  that  there  is  an  optimum  pressure  at  which  the  arc 
can  be  maintained  to  the  ionizing  potential  of  the  gas  with  a  moderately 
hot  filament. 

At  pressures  above  about  0.5  mm.  ionization  sets  in  at  the  ionizing 
potential  as  is  indicated  in  Figs.  2,  3,  6  and  7,  but,  though  there  may  be 
a  large  increase  in  current,  the  arc  does  not  strike  until  the  voltage  is 
raised  considerably  above  the  ionizing  potential,  the  amount^depending 
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upon  the  pressure  of  the  gas  and  the  temperature  of  the  filament.  If  the 
applied  potential  is  decreased  before  the  arc  strikes,  the  curve  is  retraced, 
but  after  the  arc  strikes,  the  current  remains  at  a  higher  value  until  the 
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arc  breaks.  Before  the  arc  strikes,  the  current  seems  to  approach  a 
saturation  value  as  in  the  case  of  thermionic  currents  in  high  vacua. 
This  is  probably  due  to  a  gradual  shifting  of  the  region  of  predominately 
positive  space  charge  toward  the  filament.  A  large  fraction  of  the 
potential  difference  applied  to  the  electrodes  is  used  up  between  the 
filament  and  the  boundary  of  the  region  of  positive  space  charge,  and  so 
the  electrons  enter  this  region  at  approximately  their  maximum  speeds, 
the  actual  speed  depending  upon  the  potential  and  upon  energy  losses 
by  inelastic  impacts.  The  energy  losses  by  inelastic  impacts  are  greater 
for  the  higher  pressures  due  to  the  increased  number  of  collisions,  and  so 
the  potential  difference  required  to  be  applied  to  cause  an  electron  to 
enter  the  region  of  positive  space  charge  with  sufficient  energy  to  ionize 
upon  impact  will  be  greater  the  greater  the  pressure  of  the  gas.  This 
accounts  for  the  increase  in  the  striking  potential  with  the  pressure. 
Now,  after  this  region  of  positive  space  charge  has  reached  a  certain 
thickness,  a  further  increase  in  thickness  will  not  greatly  increase  the 
probability  that  an  electron  entering  this  region  with  energy  sufficient  to 
ionize  a  molecule  will  make  an  ionizing  impact.  There  will  then  be 
very  little  increase  in  current  until  the  space  charge  immediately  sur- 
rounding the  filament  becomes  positive,  and  the  arc  strikes.     After  the 
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apparent  saturation  current  has  been  reached,  a  slight  change  in  the 
conditions  in  the  tube  or  a  slight  shifting  of  the  space  charges  will  cause 
the  arc  to  strike,  and  ?o  the  striking  of  the  arc  may  vary  by  several  volts 
for  the  same  pressure  and  filament  current. 
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In  this  type  of  apparatus  the  potential  of  the  break  of  the  arc  was 
far  more  constant  than  that  of  the  strike.  For  pressures  between  0.85 
mm.  and  3  mm.  and  with  moderately  hot  filaments  the  breaks  were 
remarkably  constant,  having  a  mean  deviation  from  the  average  of  0.3 
volt.  The  average  of  fourteen  runs  at  these  pressures  gives  a  breaking 
potential  of  16.35  volts  which  is  within  the  range  of  the  values  of  the 
ionizing  potential  of  hydrogen  reported  by  various  observers. 

As  Bohr's  theory  puts  the  ionization  potential  of  the  hydrogen  atom 
at  13.52  volts,*  calculated  from  the  convergence  frequency  of  the  Lyman 
series,  and  the  radiating  potential  at  10.14  volts,  it  should  be  possible  to 
maintain  the  arc  at  these  potentials  if  a  sufficient  amount  of  monatomic 
hydrogen  could  be  obtained.  The  tungsten  furnace  was  designed  to 
dissociate  the  gas  by  means  of  high  temperatures.  The  amount  of 
dissociation  to  be  expected  was  calculated  by  means  of  Nernst's  equation 
of  the  ''reaction-isobar," 

4-:#rr+'-""^^-4-5?. 
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=  the  fraction  of  the  molecules  present  which  are  monatomic, 

=  the  total  pressure, 

=  the  heat  of  dissociation  at  absolute  zero, 

=  the  absolute  temperature, 

is  a  constant  depending  upon  the  rate  of  change  of  the  specific 
heat  with  the  temperature, 
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4.571       is  the  gas  ccostant  per  gram  mcL  dmcs  the  logariihinic  modulus^ 
C      is  Ncmst's  chemical  constant. 

Qi  can  be  calculated  fnxn  Q,  the  heat  of  dissodatioo  at  ordinary 
temperatures,  by  means  of  the  formula:  ^=d-^ar-^^7^-r 
etc,  where  a  =  specinc  heat. 

Taking  the  heat  of  dissociatioa,  Q,  to  be  84^000  calof^s  per  gram- 
mciecule,  ^  =  oxmx>225,  and  the  chemical  constants  for  diatomic  and 
monatomic  h>-drogcn  to  be^  —  3-4  and  —  1.6  respecti\-ely,  the  percentages 
of  monatomic  hydrogen  in  equilibrium  with  diatomic  h\xirogen  at  various 
temperatures  and  pressures  are  indicated  in  the  following  table: 


0-5 


jOOS 


2-36 
0.74 


61-5 

Complete 

49-5 

9%J& 

26.7 

90.4 

When  the  furnace  was  not  heated,  the  arc  struck  and  broke  at  the 
ionizing  potential  of  the  molecule,  and  there  was  no  evidence  of  iooizatioa 
bek>w  about  16  volts.  With  the  furnace  hot,  considerable  iooizatioa 
was  produced  at  about  10  volts  and  13.5  volts  as  is  indicated  by  the 
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*  Reiche,  .Ann   d  Phj^ii.  53.  p.  ^57.  1^:5  and  Schames,  Phvs.  Zeit..  21,  p.  41,  1930. 
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curve  for  the  thermionic  current,  Fig.  8.  Later  a  temperature  was 
reached  at  which  the  arc  struck  at  the  ionizing  potential  of  the  molecule 
and  was  maintained  to  the  ionizing  potential  of  the  atom,  Fig.  9,  indicat- 
ing that  the  increase  in  dissociation  in  the  arc  enabled  it  to  be  maintained 
in  monatomic  hydrogen.  Finally,  practically  complete  dissociation  was 
obtained ;  the  arc  struck  easily  at  the  ionizing  potential  of  the  atom,  and 
the  curve  shows  no  indication  of  a  further  increase  in  ionization  at  the 
ionizing  potential  of  the  molecule,  Fig.  10(6).  With  a  very  hot  furnace 
and  a  large  electron  emission  the  arc 
was  made  to  strike  at  10.6  volts.  Fig- 
10(0)  which  is  very  near  the  radiating 
potential  of  the  atom,  and  no  further 
discontinuities  were  observed  at  higher 
voltages.  It  was  quite  difficult  to  do 
this  and  it  was  only  done  when  the  fur- 
nace had  not  been  maintained  at  the 
high  temperature  for  a  long  time.  The 
curve  10(a)  was  drawn  from  memory. 
This  striking  of  the  arc  was  repeated 
several  times  and  the  potential  and  cur- 
rent noted,  but  an  accident  prevented  a 
run  being  made  with  the  current  and 
voltage  recorded  by  steps.  The  failure 
to  get  the  arc  to  strike  at  potentials 
lower  than  13.5  volts  later  was  attrib- 
uted to  impurities  coming  from  the  walls 
of  the  tube  and  from  the  clamps  and 
leads  when  they  became  warm.     As  the 

furnace  was   mounted  on  water-cooled  leads,  the  tube  had  to  be  put 
together  with  Khotinsky  cement  and  so  it  could  not  be  baked  out. 

This  is  the  first  experiment  of  this  kind  performed  in  an  atmosphere  of 
atomic  hydrogen,  and  these  results  constitute,  it  is  believed,  the  first 
direct  experimental  proof  of  the  correctness  of  the  values  of  the  radiating 
and  ionizing  potentials  predicted  by  Bohr's  theory  for  the  hydrogen  atom 
and  of  the  interpretation  of  the  ionizing  potential  of  the  molecule  as  due 
to  its  dissociation  plus  the  ionization  of  one  of  the  atoms. 

Table  I.  gives  the  critical  potentials  of  hydrogen  predicted  by  Bohr's 
theory  together  with  the  average  break  points  obtained  in  this  investiga- 
tion and  the  critical  potentials  reported  by  various  observers.  The  heat 
of  dissociation  was  calculated  in  each  case  by  subtracting  the  thirteen- 
volt  break  from  the  sixteen-volt  break  when  ionization  was  reported  in 
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both  cases.     The  heat  of  dissociation  was  measured  by  Langmulr^  who 
found  it  to  be  equivalent  to  3.6  volts. 

It  was  not  the  purpose  of  this  investigation  to  determine  accurately 
the  critical  potentials  of  the  gases  studied,  and  no  great  d^jee  of  accuracy 
is  claimed  for  the  potentials  reported.  The  purpose  of  this  investigation 
was  to  interpret  and  not  to  determine  critical  potentials. 

Spectroscopic  Observations  on  Hydrogen. 

A  systematic  study  of  the  excitation  of  the  spectrum  of  hydrogen  was 
made  during  the  investigation  of  the  arcing  characteristics.  A  Hilger 
direct-reading  spectroscope  was  used  and  visual  observations  were  made. 

With  the  two-element  tube,  the  lines  and  bands  flashed  in  when  the 
arc  struck  and  disappeared  when  the  arc  broke.  All  of  the  bands  ob- 
served belong  to  Group  I.  of  Fulcher's^  classification  as  far  as  his  classi- 
fication extends  and  were  of  those  for  which  Dufour  found  no  Zeeman 
effect.  The  observations  were  made  for  potentials  up  to  40  volts  which 
probably  accounts  for  the  fact  that  none  of  the  bands  of  Group  II.  were 
observed,  except  that  one  member  of  each  of  the  two  pairs  of  bands  which 
were  placed  in  both  groups  was  observed.  The  bands  of  Group  II.  are 
those  which  increase  in  intensity  with  the  voltage  and  include  those 
which  Dufour  found  to  show  the  Zeeman  effect. 

In  the  tungsten  furnace,  the  lines  flashed  in  when  the  arc  struck,  as 
low  as  10.6  volts,  and  were  strongly  reversed  in  the  intense  arc  of  the 
furnace.  The  bands  did  not  appear  when  the  furnace  was  hot  and  the 
gas  was  practically  completely  dissociated.  This  is  additional  evidence 
that  the  line  spectrum  is  due  to  the  atom  and  the  band  spectrum  to  the 
molecule  and  is  in  agreement  with  the  conclusions  of  G.  P.  Thomson* 
as  a  result  of  an  investigation  of  the  spectrum  emitted  by  positive  rays 
in  hydrogen. 

Fulcher's  work  shows  that  there  are  at  least  two  groups  of  bands  in 
the  second  spectrum  of  hydrogen,  and  Merton*  suggests  that  there  are 
three.  There  are  several  possible  explanations  for  the  different  kinds  of 
bands;  all  of  them  attributing  the  radiation  to  the  molecule,  as  follows: 
One,  or  both,  of  the  electrons  of  a  neutral  molecule  may  be  set  radiating 
as  a  result  of  their  disturbance  by  an  electron  impact  which  does  not 
dissociate  or  ionize  the  molecule,  or  by  the  recombination  of  an  electron 
with  an  ionized  molecule,  or  by  the  recombination  of  two  neutral  atoms. 
It  is  by  the  recombination  of  neutral  atoms  that  Strutt  suggests  the  glow 

» Langmuir,  Irving,  Amer.  Chem.  Soc.  Jour.,  34,  p.  860,  1912,  and  37,  p.  417,  1915. 

*  Aatrophysical  Journal,  37,  p.  65,  1913. 

*  Phil.  Mag.,  40,  p.  240,  1920. 

*  Royal  Society  Proc.,  A,  96,  382,  1919. 
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of  active  nitrogen  is  produced.  The  remaining  electron  of  an  ionized 
molecule  may  be  set  radiating  as  a  result  of  its  disturbance  by  an  electron 
impact  which  does  not  produce  dissociation,  or  by  the  union  of  a  neutral 
atom  and  an  ionized  atom.  There  was  no  means  of  testing  any  of  these 
proposed  explanations  from  the  data  of  the  investigations  reported. 
I  merely  wish  to  point  out  that  there  are  possible  mechanisms  for  the 
radiation  of  several  kinds  of  bands  by  the  hydrogen  molecule.  The  Ht 
molecule,  which  is  often  present  in  positive  rays  in  hydrogen,  offers  addi- 
tional possibilities  for  band  spectra,  and  Wendt  and  Landauer^  suggest 
that  it  may  be  the  source  of  the  bands  observed  by  them. 

Arcs  in  Nitrogen. 

Nitrogen  was  generated  by  the  reaction  of  sodium  nitrite  and  ammon- 
ium chloride.  It  was  passed  through  a  tube  of  hot  copper  turnings  and 
collected  over  distilled  water.  Before  being  admitted  into  the  experi- 
mental tube  it  was  passed  over  phosphorous  pentoxide  and  through  a 
tube  immersed  in  liquid  air. 
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The  curves  obtained  for  nitrogen.  Figs,  ii  and  I2,  are  similar  in  most 
respects  to  those  for  hydrogen  when  the  simple  tube  was  used.  The 
striking  potential  was  higher  than  the  ionizing  potential  for  high  gas 

*  Amer.  Chem.  Soc.  Jour.,  44,  510.  1922. 
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pressures,  but  there  was  less  definite  evidence  of  an  apparent  saturation 
current  before  the  arc  struck.  The  difference  between  the  striking  and 
breaking  potentials  was  less  in  nitrogen  than  in  hydrogen  for  the  same 
mean  free  path  of  electrons.  These  differences  are  probably  due  to  the 
greater  elasticity  of  impact  and  consequently  to  the  greater  space  charge 
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in  hydrogen  than  in  nitrogen,  combined  with  the  greater  effectiveness 
of  nitrogen  positive  ions  in  neutralizing  the  space  charge  of  electrons. 
The  current  continues  to  increase  quite  rapidly  with  the  voltage  after 
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the  arc  has  set  in,  while  in  hydrogen  the  current  did  not  increase  much 
after  the  arc  had  struck.  It  was  impossible  to  maintain  the  arc  at 
potentials  lower  than  the  ionizing  potential,  and  the  average  of  the  break 
points  was  16.15  volts,  which  is  within  the  range  of  ionization  potentials 
reported  for  nitrogen  as  shown  in  Table  II. 

It  was  impossible  to  maintain  the  arc  at  lower  potentials  in  the  tungsten 
furnace  and  so  it  was  concluded  that  the  degree  of  dissociation  of  nitrogen 
at  the  temperature  of  the  furnace  was  small.  This  is  in  agreement  with 
the  conclusion  reached  by  Langmuir^  for  the  heat  of  dissociation  of 
nitrogen. 

When  the  filament  was  quite  hot,  the  conductivity  of  the  arc  increased 
very  rapidly  for  voltages  of  70  volts  or  more,  and,  with  no  further  change 
in  the  control  rheostats,  the  current  increased  enormously  while  the 
voltage  decreased  and  the  arc  turned  into  a  brilliant  "flare."  When 
the  rheostat  was  operated  so  as  to  normally  increase  the  potential  across 
the  arc,  the  voltage  decreased  instead  and  the  current  increased.  In  this 
manner  a  current  of  more  than  15  amperes  was  obtained  at  a  voltage  of 
about  25  volts.  There  was  a  rapid  wasting  of  the  tungsten  filament  in 
the  flare  and  the  nickel  anode  and  the  leads  supporting  the  filament  were 
usually  quickly  melted.  By  using  a  tungsten  anode  and  five  tungsten 
filaments  in  parallel,  the  flare  was  maintained  for  a  considerable  time 
and  its  spectrum  studied.  Besides  the  spectrum  of  nitrogen,  the  spectrum 
of  tungsten  showed  up  strongly.  A  black  deposit  accumulated  on  the 
walls  of  the  tube  which  appeared  to  be  tungsten  nitride.  The  wasting 
of  the  filament  was  not  sufficiently  rapid  to  justify  the  conclusion  that  the 
arc  was  now  maintained  in  tungsten  vapor,  and  so  a  more  probable 
explanation  was  sought. 

As  the  conditions  in  the  arc  are  similar  to  those  in  a  condensed  dis- 
charge in  a  vacuum  tube,  it  was  concluded  that  ''active"  nitrogen  was 
formed.  The  excitation  of  the  tungsten  spectrum  was,  then,  analogous 
to  the  excitation  of  the  spectra  of  hot  metals  in  ''active"  nitrogen  as 
accomplished  by  Strutt,^  and  it  was  explained  by  him  to  be  due  to  the 
burning  of  the  metals  in  this  nitrogen.  He  found  that  this  glowing 
nitrogen  has  a  high  electric  conductivity,  comparable  to  that  of  salts 
in  a  Bunsen  flame,  and  so  this  accounts  for  the  increased  conductivity 
of  the  arc  in  the  "flare."  This  explanation  of  the  production  of  the 
"flare"  probably  also  accounts  for  the  anomalous  thermionic  emission 
of  tungsten  filaments  in  nitrogen  for  potentials  above  75  volts  as  dis- 
covered by  Langmuir.* 

»  Amer.  Chem.  Soc.  Jour.,  34.  860  (1919)- 

« Royal  Soc.  Proc.,  A,  85,  p.  219  (191 1)  et  seq. 

*  Phys.  Rev.,  2,  p.  450  (1913). 
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Strutt  concluded  that  ''active"  nitrogen  is  simply  monatomic  nitrogen 
and  results  from  the  dissociation  of  nitrogen  in  the  electric  discharge. 
It  was  possible  to  get  the  "  flare  "  in  a  hot  tungsten  furnace  at  a  somewhat 
lower  voltage  than  in  the  simple  tube,  i,e,,  as  low  as  40  volts  instead  of 
70,  and  this  may  be  accounted  for  on  this  assumption,  by  a  slight  increase 
in  dissociation  due  to  the  temperature  of  the  furnace.  This  is  the  only 
evidence  obtained  that  there  was  any  dissociation  of  nitrogen  by  thermal 
action. 

Spectroscopic  Observations  on  Nitrogen. 

Nitrogen  has  a  rich  line  spectrum  and  a  very  complicated  band  spec- 
trum. The  band  spectrum  has  been  classified  by  Deslandres^  into  three 
positive  band  spectra  and  a  negative  band  spectrum.  The  first  positive 
bands  came  in  with  the  arc  and  increased  slightly  in  intensity  with  the 
voltage.  They  have  been  excited  in  various  ways  by  slow  cathode  and 
canal  rays.  The  second  positive  bands  came  in  with  the  arc  and  de- 
creased in  intensity  with  increased  voltage  as  has  also  been  observed 
by  Fulcher.*  These  bands  disappear  as  the  potential  is  increased,  but 
reappear  in  the  "flare"  along  with  the  spectrum  of  tungsten. 

This  reappearance  can  be  accounted  for  on  the  basis  of  the  explanation 
of  the  ''flare"  as  given  above,  for  these  bands  were  found  by  Fowler  and 
Strutt  •  to  be  invariably  present  in  the  spectrum  of  the  nitrogen  after- 
glow. Besides  the  second  positive  bands  they  find  also  the  first  positive 
bands,  with  certain  groups  greatly  enhanced,  and  the  third  positive  bands 
in  the  afterglow.  They  concluded  that  "active"  nitrogen  was  simply 
monatomic  nitrogen  and  that  the  glow  was  produced  by  the  reunion  of 
the  atoms.  This  manner  of  excitation  corresponds  in  energy  to  electron 
impacts  at  quite  low  potentials,  very  probably  less  than  the  ionizing 
potential. 

L.  and  E.  Bloch*  photographed  one  of  the  ultraviolet  bands  of  the 
second  group  at  12  volts,  which  is  considerably  under  the  ionizing 
potential  of  nitrogen.  Erich  Brandt  •  by  using  a  four-element  tube  and 
varying  the  potential  by  intervals  of  0.05  volt  got  a  series  of  disconti- 
nuities in  the  galvanometer  current  for  voltages  between  7.5  and  8.2 
volts.  By  applying  the  hv  relation  to  these  discontinuities  he  con- 
structed a  band  which  agrees  in  frequency  difference  with  some  of  the 
positive  bands.  He  found  this  band  characteristic  of  these  discon- 
tinuities to  persist  beyond  the  ionizing  potential  and  concluded  that  the 

1  Comptes  Rendus,  loi,  p.  1356,  1885  et  seq. 

*  Astrophys.  Jour..  37,  p.  60  (1913). 

*  Roy.  Soc.  Proc.,  A.  85,  p.  377  (191 1). 

*  Comptes  Rendus.  170.  p.  1380  (1920). 
«  Zeit.  fttr  Phys..  8.  p.  32  (1921). 
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nitrogen  molecule  Is  ionized  without  dissociation.  A  survey  of  the 
various  ways  in  which  the  positive  bands  are  excited  indicates  that  they 
can  all  be  excited  at  less  than  the  ionizing  potential  and  so  must  be  due 
to  the  neutral  molecule. 

The  negative  bands  appear  a  volt  or  two  above  the  ionizing  potential 
and  increase  markedly  in  intensity  with  the  voltage.  Three  bands  not 
previously  reported  were  observed  at  5075,  5018  and  4961  A.  in  good 
agreement  with  their  calculated  positions.  The  negative  bands  appear 
intensely  only  in  r^ons  of  strong  ionization  and  positive  space  charge 
and  must,  therefore,  be  due  to  the  ionized  molecule. 

At  about  70  volts  the  green  doublet  5006,  5003  of  the  line  spectrum 
appeared  faintly  and  increased  in  intensity  with  the  voltage.  At  90 
volts  it  was  quite  strong  and  the  yellow  lines  5680  and  5667  were  also 
seen.  None  of  the  other  strong  lines  were  observed  although  the  regions 
in  which  they  lie  were  thoroughly  searched. 

It  is  difficult  to  account  for  the  non-appearance  of  the  line  spectrum 
even  in  the  **  flare  "  at  potentials  less  than  70  volts.  It  may  be  impossible 
to  dissociate  the  molecule  and  ionize  one  of  the  atoms  at  a  single  impact. 
Sir  J.  J.  Thomson,^  from  a  consideration  of  the  Doppler  shifts  of  the 
lines  in  positive  rays  in  nitrogen,  concluded  that  some  of  the  lines,  the 
line  5003  being  one  of  them,  are  due  to  the  double  ionization  of  the  atom 
and  are  therefore  enhanced  lines.  This  accounts  for  the  high  potential 
required  for  the  excitation  of  some  of  the  lines  but  does  not  explain  why 
so  few  lines  appeared.  Perhaps  a  grouping  of  the  lines  in  series  will 
dear  the  matter  up.  A  more  complete  discussion  of  the  excitation  of  the 
spectrum  of  nitrogen  will  be  published  in  the  Astrophysical  Journal. 

Arcs  in  Iodine. 

Chemically  pure  iodine  was  resublimed  into  a  bulb  having  a  thin  wall. 
The  distilling  apparatus  was  kept  connected  to  a  diffusion  pump  through 
two  liquid  air  traps,  and  the  sublimation  was  carried  on  at  a  very  low 
pressure.  After  a  sufficient  amount  had  been  condensed,  the  tube  was 
sealed  off  under  a  vacuum  and  then  sealed  into  a  second  bulb  which  was 
connected  to  the  experimental  tube.  After  all  the  parts  had  been  heated 
to  clean  up  the  surfaces,  the  iodine  was  liberated  by  breaking  the  thin- 
walled  bulb  by  means  of  an  iron  weight  lifted  by  a  magnet. 

The  vapor  pressure  of  the  iodine  in  the  experimental  tube  was  con- 
trolled by  means  of  a  water  bath.  When  the  simple  tube  was  employed, 
the  tube  containing  the  iodine  was  kept  at  the  temperature  at  which 
iodine  has  the  vapor  pressure  desired.    The  pressure  was  determined 

*  Rays  of  Positive  Electricity. 
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from  the  curve  of  Baxter  and  Gose.*  In  the  case  of  the  furnace  tube,  a 
considerable  amount  of  iodine  was  driven  into  the  experimental  tube, 
and  allowed  to  condense  on  metal  end  pieces  which  were  water-cooled. 
The  iodine  vapor  passing  out  of  the  tube  during  a  run  acted  as  a  diffusion 
pump  and  carried  off  gaseous  impurities  from  the  tube.  These  end  pieces 
were  of  lacge  area  and  were  kept  at  the  temperature  desired,  while  the 
bulb  containing  the  iodine  originally  was  maintained  at  a  higher  tempera- 
ture. In  both  cases  the  experimental  tube  was  kept  connected  to  a 
diffusion  pump  through  two  liquid  air  traps.  A  short  piece  of  capillary 
tubing  was  inserted  between  the  experimental  tube  and  the  first  trap 
to  prevent  too  rapid  loss  of  iodine,  and  to  insure  the  desired  pressure. 
When  two  liquid  air  traps  were  used,  no  difficulty  was  experienced  in 
keeping  mercury  out  of  the  apparatus;  whereas  when  only  one  trap  was 
employed,  mercuric  iodide  invariably  appeared  after  a  time. 

With  the  simple  tube,  the  arc  struck  at  or  above  an  average  of  14.6 
volts  and  broke  at  this  potential.  The  pressure  was  varied  from  0.5 
to  1.5  mm.,  the  deviation  of  the  critical  potential  from  the  average  given 
above  being  0.3  volt  in  the  four  runs  made.  With  the  tungsten  furnace, 
the  arc  struck  at  from  10.25  to  36.5  volts  depending  upon  the  condition 
of  the  tube.  As  this  tube  could  not  be  baked  out  on  account  of  its  con- 
struction, it  was  impossible  to  get  entirely  free  from  impurities,  although 
the  furnace  was  run  for  a  considerable  time  and  the  tube  heated  from  the 
inside  in  this  way  for  two  hours  before  iodine  was  admitted.  The  pres- 
ence of  a  slight  amount  of  impurity  seemed  to  be  sufficient  to  prevent 
the  striking  of  the  arc  at  10.25  volts.  On  two  occasions,  once  with 
vapor  pressure  of  0.3  mm.  and  the  other  time  at  a  pressure  of  I  mm.,  the 
arc  was  maintained  to  10.25  volts.  In  the  former  of  these  runs  the  arc 
also  struck  at  this  potential.  In  both  cases  the  filament  was  as  hot  as 
it  could  be  used  with  safety.  In  a  number  of  runs  the  arc  struck  at 
about  12  volts,  and  the  average  of  the  breaking  potential  of  16  runs 
was  12. 1  volts,  indicating  that  this  is  undoubtedly  a  critical  potential 
for  iodine.  Several  of  the  runs  showed  three  sharp  discontinuities  in 
the  current-potential  curve,  but  there  was  no  agreement  in  the  values  of 
the  higher  potentials.  Iodine  probably  has  several  critical  potentials, 
and  further  investigation  to  determine  them  is  desirable.  It  is  not 
surprising  that  this  is  the  case  with  so  complex  an  atom  as  the  iodine 
atom  is  known  to  be. 

There  is  no  doubt  that  the  iodine  was  dissociated  in  the  tungsten 
furnace.  Ordinarily  the  furnace  was  maintained  at  a  bright  yellow  heat. 
Higher  temperatures  were  tried,  but  there  were  no  differences  in  the 

»  Amer.  Chem.  Soc.  Jour.,  37.  ^016,  191 5. 
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critical  points  obtained.  In  fact,  the  heat  of  the  filament  and  the  action 
of  the  arc  were  sufficient  to  produce  practically  complete  dissociation 
inside  the  furnace  cylinder.  Calculations  based  upon  the  work  of  Starck 
and  Bodenstein^  on  the  thermal  dissociation  of  iodine  indicate  that  the 
vapor  would  be  completely  dissociated  at  pressures  up  to  5  mm.  at 
1200°  C. 

Why  it  was  so  difficult  to  maintain  the  arc  below  12  volts  is  not  clear 
in  as  much  as  the  ionizing  potential  of  the  iodine  atom  is  usually  put  at 
10  volts  or  less  as  is  seen  from  Table  III.  Compton  and  Smyth  made  no 
attempt  to  distinguish  between  radiation  and  ionization,  and,  as  the  total 

Table  III. 
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lUdktiiiff  PotentUa. 


I 


Ifliiixhn  Potontwl. 


Found  • 

Mohler  and  Foote*.  . , 
Compton  and  Smyth* 


2.34 


8.5 
10.1 

8.0  atom 
9.4  molecule 
6.8  fluorescing  molecule 


effect  in  their  experiments  was  small,  the  ionization  produced  at  the  lower 
potentials  may  have  been  due  to  cumulative  action.  They  point  out  in 
their  paper  that  an  inspection  of  Pound's  published  curves  shows  that 
there  are  two  break  points,  a  pronounced  one  at  9.8  volts  and  another 
less  sharply  defined  at  about  8.3  volts.  It  would  seem,  then,  that 
ionization  is  first  definitely  detected  at  about  10  volts,  and  the  10.25- 
volt  break  obtained  in  this  investigation  agrees  with  this  within  the 
limits  of  experimental  error.  There  is  no  evidence  in  a  comparison  of 
the  results  of  the  simple  tube  and  the  furnace  tube  that  the  molecule 
is  dissociated  and  one  of  the  atoms  ionized  at  a  single  impact  as  there 
was  in  the  case  of  hydrogen.  While  the  critical  potential  obtained  from 
the  simple  tube  is  higher  than  those  of  the  furnace  tube,  the  differences 
do  not  correspond  to  the  heat  of  dissociation  of  iodine  which  is  equivalent 
to  approximately  1.5  volts.  This  was  a  rather  surprising  result  in  view 
of  the  evidence  obtained  on  this  point  by  Compton  and  Smyth. 

Iodine  vapor  acts  quite  rapidly  on  hot  tungsten,  and  the  life  of  a 
filament  or  a  furnace  was  short.  This  made  frequent  renewals  necessary, 
and  so  the  progress  of  the  investigation  was  slow  and  difficult. 

1  Zeit.  Elektrochemie,  i6,  966,  1910. 

*  Phys.  Rev.,  16,  41,  1920. 

»  Phys.  Rev.,  15,  321,  1920. 

*  Phys.  Rev.,  16,  501,  1920. 
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Spectroscopic  Observations  on  Iodine. 

The  line  spectrum  only  appeared  in  the  iodine  arc,  no  trace  of  any 
bands  being  found.  With  the  simple  tube  a  few  faint  lines  appeared,  but 
most  of  the  strong  lines  were  seen  with  the  furnace  tube.  A  few  lines 
flashed  in  when  the  arc  struck  and  remained  quite  strong  until  the  arc 
broke.  The  line  4862  was  the  strongest  and  most  persistent  of  these  and 
this  together  with  the  others  of  this  group  have  been  identified  with  the 
'*arc**  lines  listed  by  Wood.^  A  number  of  additional  lines  appeared  at 
higher  voltages  and  increased  more  rapidly  in  intensity  than  those  which 
appeared  first.  These  lines  faded  out  gradually  as  the  voltage  was 
diminished  and  vanished  before  the  arc  broke.  They  have  been  identified 
with  other  strong  lines  listed  by  Wood,  being  of  those  which  increased 
in  intensity  when  a  spark  gap  was  connected  in  parallel  with  his  vacuum 
tube.  This  manner  of  appearance  suggests  that  the  first  lines  to  appear 
are  due  to  the  neutral  atom  while  the  lines  coming  in  later  are  due  to 
the  ionized  atom  and  are  enhanced  lines.  On  the  basis  of  the  structure 
of  the  iodine  atom  given  by  the  Lewis-Langmuir  theory  one  would 
expect  successive  ionizations  to  occur  rather  easily. 

In  conclusion,  the  writer  wishes  to  express  his  appreciation  to  Professor 
K.  T.  Compton,  under  whose  direction  this  work  was  done,  for  his  many 
helpful  suggestions  and  unfailing  interest  during  the  course  of  this 
investigation. 

Palbocr  Physical  Laboratory, 
Princeton  University. 

*  Researches  in  Physical  Optics,  Part  II. 
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AN  EXPERIMENTAL  STUDY  OF  THE  SCATTERING  OF  AP- 
PROXIMATELY HOMOGENEOUS  X-RAYS  BY  POWDERED 
CRYSTALLINE  CARBON,  METALLIC  LITHIUM,  AND 
LIQUID  BENZENE,  MESITYLENE,  AND  OCTANE. 


By  C.  W.  Hbwlrtt. 


Synopsis. 


Scattering  and  Absorption  of  Homogeneous  X-Rays  by  Carbon  {Diamond  and 
Graphite),  Metallic  Lithium,  and  the  Liquids  Bengene,  Mesitylene  and  Octane. — 
I.  Scattering  curves.  The  intensity  of  the  radiation  scattered  by  the  substance 
contained  in  a  small  capsule  placed  at  the  center  of  the  spectrometer  was  measured 
by  the  ionization  method  for  angles  from  2®  to  165*.  While  a  ZrOi  screen  was 
used  to  isolate  the  K«  line  of  Mo  (0.712  A.),  some  radiation  of  X  0.445  A.  was  appar- 
ently also  present.  For  diamond,  graphite  and  lithium,  the  maxima  agree  in 
position  and  relative  intensity  with  those  found  by  A.  W.  Hull  by  the  photographic 
method.  The  curves  for  the  liquids,  however,  are  remarkable  in  that  each  shows 
one  maximum;  8.5®  for  benzene,  6.5®  for  mesitylene  and  8.1**  for  octane,  with 
indications  of  others  unresolved,  suggesting  that  the  liquids  have  a  crystal  structure. 
For  very  small  angles  the  scattering  is  zero  for  the  solids,  and  approaches  zero  for 
the  liquids.  2.  Mass-scattering  coefficients  were  obtained  by  integrating  the  area 
under  the  curves,  or  by  experimentally  integrating  the  ionization  for  all  angles  of 
scattering.  The  coefficients  for  carbon  (diamond  and  graphite),  0.200,  and  for 
lithium,  0.168,  agree  with  Thomson's  theoretical  values.  For  benzene,  mesitylene, 
and  octane,  however,  the  values  0.238,  0.244,  and  0.262  respectively  are  about  ten 
per  cent,  larger  than  those  predicted  by  theory,  and  give  too  large  specific  values 
for  carbon  and  hydrogen.  0.22  and  0.46  instead  of  0.20  and  0.40  respectively.  The 
results  are  probably  accurate  to  three  per  cent.  3.  True  mass-absorption  coefficients, 
obtained  from  the  total  absorption,  the  scattering  and  the  density,  are  found  for 
the  solids  to  be  in  accord  with  the  theoretical  expression  KN*\*,  the  mean  value  of 
K  being  4.38  X  io-». 

Evidence  of  crystal  structure  of  liquids  seems  to  have  been  found  in  the  scattering 
curves  for  benzene,  mesitylene  and  octane,  as  suggested  above,  aqd  the  spacings 
of  the  planes  of  atoms  responsible  for  the  principal  maximum  are  benzene  4.8  A., 
mesitylene  6.3  A.,  and  octane  5.0  A. 

Introduction. 

THE  experiments  described  in  the  following  report  are  the  outgrowth 
of  a  former  series  of  experiments  made  by  the  writer^  in  which 
the  mass  absorption  and  mass-scattering  coefficients  of  homogeneous 
x-rays  were  studied  for  several  substances  as  a  function  of  the  wave- 
length of  the  x-rays.  The  definitions  of  these  coefficients,  and  a  discus- 
sion of  the  expression  KN^*  +  Wp)  which  has  been  proposed  to  give 
the  value  of  the  total  mass  absorption  coefficient  of  x-rays  of  wave- 

»  Phys.  Rev..  N.  S.,  17.  1921,  p.  284. 
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length  X  in  an  element  whose  atomic  number  is  N^  is  given  in  the  paper 
referred  to  above.  In  this  former  work  the  total  mass-absorption 
coefficient  was  measured  by  determining  the  intensity  of  a  beam  of 
homogeneous  x-rays  before  and  after  passing  through  a  screen  of  the 
absorbing  element.  The  mass-scattering  coefficient  deduced  from  the 
above  equation  was  found  to  depart  from  the  theoretical  value  deduced 
by  J.  J.  Thomson,^  and  the  value  of  K  to  depend  on  the  scattering  element. 
Moreover  the  curves  were  not  found  to  be  linear  with  X'  as  they  should 
have  been  in  the  region  investigated  according  to  theoretical  considera- 
tions. In  particular  there  seemed  to  be  something  anomalous  in  the 
behavior  of  carbon  in  the  neighborhood  of  wave-length  0.75  A.  which 
is  near  the  K.  line  of  molybdenum  0.712  A.  The  scattering  of  hydrogen 
calculated  from  the  experiments  on  water  and  liquid  oxygen,  and  the 
absorption  coefficient  of  lithium  could  not  be  interpreted  in  the  light  of 
theory.  It  therefore  seemed  advisable  to  measure  the  mass  scattering, 
and  the  true  mass-absorption  coefficients  for  certain  elements  and  wave- 
lengths independently  of  one  another.  The  present  work,  of  which  a 
preliminary  report*  was  made  last  November  before  the  American  Phys- 
ical Society,  consists  of  measurements  of  the  scattered  x-rays  as  a  function 
of  the  angle  of  scattering  from  graphite,  diamond,  lithium,  and  three 
liquid  compounds  of  carbon  and  hydrogen.  The  radiation  falling  on 
the  scattering  material  was  the  x-radiation  from  a  molybdenum  anode 
tube  excited  at  about  30  kv.  The  radiation  was  filtered  through  a 
screen  of  zirconium  oxide  which  absorbed  very  greatly  all  the  radiation 
except  that  in  the  neighborhood  of  the  K«  line  of  molybdenum. 

The  general  results  of  the  measurements  have  been  expressed  in  two 
ways.  The  intensity  of  scattering  has  been  plotted  as  a  function  of 
the  angle  of  scattering,  and  the  mass-scattering  coefficients  and  the  true 
massnabsorption  coefficients  have  been  tabulated  together  with  other 
data  from  which  they  were  directly  deduced. 

The  matter  is  presented  in  the  following  order: 

I.     Description  of  Apparatus  and  Mounting  of  the  Scattering  Material. 
II.     Procedure  in  the  Experiments. 

III.  Procedure  in  Calculating  the  Mass  Scattering  and  the  True  Mass- 

Absorption  Coefficients. 

IV.  Sources  of  Error. 

V.     Results  and  Discussion. 
VI.    Appendix;  a  Detailed  Consideration  of  a  Point  arising  in  III. 

1  Conduction  of  Electricity  through  Gases,  and  edition,  p.  335. 
*  Phys.  Rev.,  N.  S.,  19,  1922.  p.  265. 
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Description  of  Apparatus  and  Mounting  of  Scattering  Material, — ^The 
Coolidge  tube  was  mounted  on  sulphur  insulators  in  a  lead-covered 
wooden  box  about  2  ft.  x  2  ft.  x  3  ft.  The  tube  was  supplied  by  a  35  kv. 
oil-insulated  transformer  which  in  turn  was  supplied  by  a  motor  generator 
set.  Regulation  of  voltage  and  frequency  were  obtained  by  rheostats 
inserted  in  the  field  circuits  of  the  motor  generator.  A  D'Arsonval 
type  milliammeter  was  inserted  in  the  secondary  of  the  transformer  at 
its  midpoint  which  was  grounded.  All  of  the  high  potential  apparatus 
was  enclosed  in  a  wire  netting  cage  and  the  door  into  this  cage  could 
not  be  opened  without  opening  the  primary  circuit  of  the  transformer. 

The  x-ray  spectrometer  was  constructed  in  this  laboratory,  and  angular 
settings  could  be  made  with  an  accuracy  within  2'  of  arc.  The  ionization 
chamber  was  mounted  on  wheels  so  that  it  could  rotate  about  the  axis 
of  the  spectrometer.  The  scattering  material  was  mounted  in  a  small 
celluloid  capsule  whose  axis  coincided  with  that  of  the  spectrometer. 
The  small  table  holding  the  scattering  material  was  caused  to  rotate 
continuously  about  the  axis  of  the  spectrometer. 

The  ionization  chamber  was  i  foot  long.  The  outside  brass  cylinder 
was  4  inches  in  diameter  and  was  earthed.  The  inside  cylinder  was  3f 
inches  in  diameter,  and  was  kept  charged  to  a  potential  of  about  250 
volts  by  a  battery  of  dry  cells.  A  horizontal  electrode  insulated  by 
amber  was  placed  in  this  inner  cylinder  about  half  way  between  its  axis 
and  surface.  A  fine  wire  was  soldered  to  this  electrode  and  then  passed 
along  the  axis  of  a  brass  tube  leading  from  the  ionization  chamber  to  a 
point  in  the  axis  of  the  spectrometer  about  6  inches  above  the  scattering 
material.  From  this  point  the  wire  passed  down  the  axis  of  another  tube 
to  one  pair  of  quadrants  of  an  electrometer.  The  movable  and  fixed 
tubes  were  connected  by  end  pieces,  one  of  which  could  rotate  inside  the 
other.  The  wire  joining  the  electrode  to  the  electrometer  was  insulated 
by  amber  throughout  and  was  completely  shielded,  all  of  the  shielding 
being  connected  together  by  soldered  wires  and  grounded.  The  opening 
in  the  ionization  chamber  was  1.50  cm.  in  diameter,  was  situated  in  the 
horizontal  plane  passing  through  the  x-ray  beam  and  scattering  material 
and  the  distance  of  this  opening  from  the  scattering  material  was  35.5  cm. 
The  electrodes  in  the  ionization  chamber  were  so  placed  that  none  of  the 
x-rays  from  the  scattering  material  could  strike  them.  A  lead  screen 
was  placed  about  half  way  between  the  scattering  material  and  the 
opening  in  the  ionization  chamber.  An  opening  in  this  screen  was 
made  just  large  enough  to  allow  every  part  of  the  scattering  material  to 
send  x-rays  to  every  part  of  the  opening.  A  lead  hood  was  placed  over 
the  space  between  the  ionization  chamber  and  this  screen  to  cut  off 
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possible  radiation  from  other  objects  than  those  in  the  neighborhood 
of  the  axis  of  the  ionization  chamber.  In  order  to  cut  off  all  unnecessary 
direct  x-radiation  there  were  two  lead  slits  between  the  box  and  the 
scattering  material,  the  one  nearest  the  scattering  material  being  about 
10  cm.  distant. 

The  other  pair  of  quadrants  of  the  electrometer  were  connected  to  the 
case  of  the  electrometer  and  to  earth.  An  earthing  key  was  connected 
through  a  resistance  of  about  1,000  ohms  to  earth.  This  resistance 
was  connected  to  a  potentiometer  so  that  the  key  could  be  charged  to 
any  desired  potential  or  earthed  at  will.  This  key  dipped  into  a  mercury 
cup  connected  to  the  electrode  in  the  ionization  chamber.  The  elec- 
trometer needle  was  charged  to  a  potential  of  100  volts,  and  the  sensi- 
tivity ranged  from  1,000  to  5,000  divisions  per  volt  in  the  different  parts 
of  the  work. 

The  scattering  material  was  mounted  in  thin  cylinders  of  circular 
cross  section,  which  were  made  by  cutting  sheet  celluloid  of  i  mil  thickness 
into  strips  from  i  to  f  inch  in  width  and  wrapping  them  helically  on  a 
brass  or  steel  rod,  allowing  each  turn  a  narrow  lap  on  the  preceding  one. 
This  helix  was  then  secured  at  each  end  and  the  helical  seam  cemented 
with  collodion.  These  capsules  were  found  to  absorb  less  than  one 
per  cent,  of  the  x-rays  falling  on  them.  Two  sizes  of  capsules  with 
internal  diameters  of  1^  and  i  inch  were  used. 

The  material  called  artificial  graphite  was  a  highly  purified  carbon 
which  was  obtained  in  compressed  cakes.  It  was  finely  powdered  by 
filing,  and  the  powder  packed  into  the  capsule.  The  natural  graphite 
was  originally  in  chunks.  This  material  was  forced  through  a  sieve  of 
50  meshes  to  the  inch,  and  then  packed  into  a  capsule.  The  diamond 
was  in  the  form  of  five  splints.  These  splints  were  very  thin  and  their 
cross-sectional  area  ranged  from  o.oio  to  o.ooi  sq.  cm.  The  lithium, 
from  a  very  old  exhibition  sample,  of  German  manufacture,  was  squirted 
through  a  die  into  a  rod  of  the  required  dimensions,  and  immediately 
enclosed  in  one  of  the  celluloid  capsules.  Fortunately  none  of  the  three 
liquids  used  in  these  experiments  attacked  the  capsules. 

II.   Procedure  in  the  Experiments. 

Method  of  obtaining  the  data  for  plotting  the  curves.  The  beam  of 
x-rays,  which  had  a  rectangular  cross  section,  was  adjusted  so  as  to 
cover  the  whole  width  of  the  capsule  of  scattering  material  and  to 
project  a  short  distance  on  either  side.  The  cross  section  of  the  beam 
in  the  vicinity  of  the  scattering  material  was  approximately  0.8  cm. 
square,  but  this  was  varied  slightly  from  time  to  time  when  different 
size  capsules  were  used. 
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The  X-ray  tube  was  operated  at  a  potential  of  about  30  kv.  at  60.7 
cycles  per  sec.  and  the  current  read  on  a  D'Arsonval  type  milliammeter 
was  4  m.a.  These  conditions  of  operation  were  maintained  constant 
to  within  I  per  cent,  throughout  the  work.  A  zirconium  oxide  screen, 
which  reduced  the  K^  line  to  about  60  per  cent,  of  its  intensity  without 
the  screen,  and  reduced  the  K^  line  to  about  6  per  cent,  of  the  intensity 
of  K^  line,  was  placed  in  the  path  of  the  radiation  as  it  emerged  from  the 
box  containing  the  tube. 

The  ionization  chamber  was  set  at  as  small  an  angle  as  could  be  done 
without  allowing  any  of  the  direct  beam  to  enter  it,  the  electrometer 
was  charged,  the  earth  connection  broken,  and  the  time  required  for  the 
electrometer  deflection  to  change  from  one  of  two  definite  values  to  the 
other  was  determined.  An  empty  capsule  of  the  same  construction  as 
the  one  containing  the  scattering  material  was  then  substituted  for  the 
full  capsule,  and  the  time  required  for  the  same  change  in  deflection 
determined.  Deducing  the  rates  of  deflection,  and  subtracting  that 
due  to  the  empty  from  that  due  to  the  full  capsule,  the  rate  of  deflection 
due  to  the  scattering  material  was  obtained,  and  this  was  taken  as  a 
measure  of  the  intensity  of  the  scattered  radiation  entering  the  ionization 
chamber.  If  the  intensity  was  so  great  that  the  rate  of  deflection  was 
no  longer  an  accurate  measure  of  its  intensity,  the  following  method  was 
adopted.  A  lead  screen  was  placed  between  the  scattering  material 
and  the  ionization  chamber,  the  electrometer  charged,  the  earth  connec- 
tion broken,  and  the  deflection  noted.  The  lead  screen  was  then  removed 
for  a  definite  interval  of  time  and  then  replaced.  When  the  deflection 
became  constant  its  value  was  again  noted.  Whenever  necessary,  ac- 
count was  taken  of  the  rate  of  deflection  with  the  lead  screen  in  place. 
In  this  way  the  intensity  was  determined  from  point  to  point,  the  steps 
in  most  cases  being  less  than  the  angle  subtended  by  the  opening  in  the 
ionization  chamber  at  the  scattering  material,  particularly  in  the  region 
of  a  pronounced  maximum.  When  once  the  position  of  the  principal 
maximum  of  scattering  was  known,  measurements  were  made  frequently 
at  this  setting,  to  check  the  constancy  of  operation.  Finally  the  intensity 
at  the  various  angles  was  expressed  as  percentages  of  the  intensity  at  the 
principal  maximum. 

In  order  to  calculate  from  the  scattering  curve  the  fraction  of  the 
incident  energy  which  was  scattered  it  was  necessary  to  know  the  ratio 
between  the  flux  of  radiation  into  the  ionization  chamber  at  some  par- 
ticular setting  and  the  flux  of  energy  falling  on  the  scattering  material; 
and  in  addition,  the  total  mass-absorption  coefficient  of  the  radiation  in 
the  scattering  material.    These  quantities  were  usually  determined  at 
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the  beginning  and  at  the  end  of  each  series  of  measurements  of  the 
intensity.  Two  methods  were  used  in  determining  the  above  ratio  and 
the  total  mass  absorption  coefficient. 

In  the  first  method  a  thin  lead  sheet  through  which  had  been  bored  a 
circular  hole  about  o.io  cm.  in  diameter  was  placed  immediately  behind 
the  capsule  so  that  the  beam  of  x-rays  through  the  hole  passed  through 
the  axis  of  the  capsule.  A  lead  disc  mounted  on  the  axle  of  a  small 
electric  motor  was  placed  between  the  capsule  and  the  ionization  chamber 
with  its  face  perpendicular  to  the  beam  of  x-rays.  The  axis  of  the 
ionization  chamber  was  set  to  coincide  with  that  of  the  beam  of  x-rays. 
There  was  a  narrow  radial  slit  in  the  disc  so  that  when  the  disc  was  in 
rotation  the  small  beam  passing  through  the  circular  hole  entered  the 
ionization  chamber  for  a  short  interval  once  during  each  revolution  of 
the  disc.  By  this  means  it  was  found  possible  to  secure  a  conveniently 
measurable  fraction  of  the  energy  flux  falling  on  the  capsule.  This 
fraction  of  the  energy  flux  was  calculated  from  the  cross  section  of  the 
x-ray  beam  striking  the  capsule  when  unobstructed  by  the  lead  sheet, 
the  area  of  the  hole,  and  the  angular  width  of  the  slit  in  the  lead  disc. 
The  cross  section  of  the  x-ray  beam  falling  on  the  capsule  was  deduced 
from  an  x-ray  shadow  picture  made  by  the  x-ray  beam  on  a  photographic 
film  placed  perpendicular  to  the  x-ray  beam  and  in  contact  with  the  full 
capsule,  the  beam  passing  first  through  the  capsule,  then  striking  the  film. 
The  width  of  the  shadow  of  the  capsule  checked  with  the  diameter  of 
the  capsule.  The  diameter  of  the  hole  was  measured  with  a  micrometer 
microscope.  The  total  mass-absorption  coefficient  of  the  radiation  in 
the  scattering  material  was  determined  from  measurements  of  the  energy 
flux  through  the  small  hole  and  rotating  disc,  determined  alternately 
when  the  x-rays  passed  through  the  full  and  the  empty  capsule. 

There  are  two  objections  to  the  method  outlined  above;  namely,  a 
flash  of  x-rays  entering  the  ionization  chamber  is  not  representative  of 
the  average  intensity  of  the  beam,  but  is  a  very  small  section  of  the 
radiation  emitted  during  one  cycle  of  the  alternating  current.  The 
number  of  these  flashes  received  by  the  chamber  during  a  determination 
is  very  large,  however,  and  unless  the  disc  should  have  a  speed  bearing 
a  simple  relation  to  the  frequency  of  the  alternating  current  from  the 
transformer,  this  consideration  should  not  lead  to  undesirable  results. 
On  the  other  hand,  the  thin  lead  screen  with  the  small  hole  had  to  be 
adjusted  very  accurately  perpendicular  to  the  x-ray  beam,  for  it  had  a 
thickness  comparable  with  the  diameter  of  the  hole.  This  consideration 
led  to  the  adoption  of  another  method  for  determining  the  total  mass- 
absorption  coefficient  and  the  ratio  of  the  energy  flux  falling  on  the 
capsule  to  that  entering  the  ionization  chamber  at  a  definite  setting. 
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The  following  method  was  designed  to  allow  the  total  energy  flux 
falling  on  the  capsule  to  pass  into  the  ionization  chamber  for  the  time 
of  one  complete  cycle  of  the  alternating  current  from  the  transformer. 
A  lead  disc  carrying  an  angular  slit  of  adjustable  width  was  mounted 
on  a  horizontal  axle,  so  that  in  rotating,  the  beam  of  x-rays  was  allowed 
to  pass  through  the  slit  when  the  latter  was  vertical.  This  disc  and 
axle  was  controlled  by  a  stiff  steel  helical  spring  in  the  same  manner 
as  the  balance  wheel  of  a  watch.  Two  stops  with  trigger  action  were 
arranged  so  that  one  of  them  could  hold  the  disc  displaced  from  its 
vertical  position  by  a  definite  amount,  and  upon  release,  the  other  stop 
would  catch  and  hold  the  disc  at  the  end  of  its  first  swing.  By  successive 
adjustments  of  the  stiffness  of  the  spring,  the  width  of  the  slit,  and  the 
height  of  the  stops,  the  time  for  the  slit  to  sweep  across  a  point  in  the 
x-ray  beam  was  made  equal  to  the  period  of  the  alternating  current  to 
within  I  per  cent.  In  order  to  determine  when  the  adjustment  was 
completed,  the  face  of  the  disc  was  covered  with  a  thin  film  of  smoke  and 
a  vibrating  reed  operated  by  the  alternating  current  supplying  the  trans- 
former traced  a  curve  on  the  disc  as  it  swung.  The  disc  was  mounted 
close  to  the  box  containing  the  tube,  where  the  cross  section  of  the  beam 
was  a  minimum.  Obviously  it  makes  no  difference  what  part  of  the 
cycle  the  exposure  begins  if  it  lasts  one  complete  cycle. 

A  lead  slit  open  at  the  lower  end  and  having  a  width  equal  to  that  of 
the  capsule  was  placed  on  the  capsule  when  making  measurements  of 
the  direct  beam,  so  that  only  the  portion  of  the  beam  striking  the  capsule 
could  pass  on  to  the  ionization  chamber.  The  opening  in  the  ionization 
chamber  was- large  enough  to  receive  all  of  the  radiation  which  passed 
through  the  capsule,  and  the  exact  position  of  the  chamber  was  secured 
with  the  aid  of  a  fluorescent  screen. 

The  procedure  was  as  follows:  with  the  empty  capsule  in  place  the  lead 
disc  was  secured  by  one  of  the  stops.  The  electrometer  was  charged, 
the  earth  connection  broken,  and  the  electrometer  deflection  noted.  The 
stop  was  tripped,  allowing  the  disc  to  swing.  The  deflection  of  the 
electrometer  changed  rapidly,  and  became  constant  again  in  about  one 
minute,  at  which  time  its  value  was  again  noted.  From  the  change  in 
deflection  the  charge  given  to  the  insulated  system  was  computed,  and 
this  was  taken  as  a  measure  of  the  radiation  falling  on  the  capsule  during 
one  cycle.  The  full  capsule  was  then  substituted  for  the  empty  one, 
and  the  procedure  repeated,  from  which  was  computed  the  radiation 
transmitted  through  the  scattering  material  during  one  cycle.  A  number 
of  such  determinations  were  made  at  each  experiment,  those  with  the 
empty  and  full  capsules  being  distributed  in  such  a  manner  that  the  mean 
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values  of  each  corresponded  to  the  same  epoch.  The  intensity  of  the 
scattered  radiation  for  the  principal  maximum  of  the  scattering  material 
was  next  determined  in  the  manner  already  described. 

By  multiplying  the  ordinates  of  a  scattering  curve  by  the  sine  of  the 
angle  of  scattering,  and  by  a  factor  to  take  account  of  the  size  of  the 
angular  opening  of  the  ionization  chamber  measured  from  the  scattering 
material,  a  new  curve  was  obtained,  the  area  under  which  gave  the  total 
amount  of  scattered  radiation  in  terms  of  the  radiation  falling  on  the 
scattering  material.  This  procedure  rests  upon  the  assumption  that 
an  element  of  the  scattering  material  containing  a  large  number  of  small 
crystals  would  scatter  radiation  equally  in  all  directions  making  a  given 
angle  with  the  direction  of  the  direct  beam. 

The  following  method  was  devised  so  that  the  procedure  of  calculation 
from  the  scattering  curve  just  described  would  be  done  automatically 
by  the  method  of  measuring  the  scattering.  Having  first  measured  the 
intensity  of  the  direct  beam  through  the  empty  and  full  capsules,  the 
ionization  chamber  was  set  close  to  the  direct  beam.  With  a  lead  screen 
in  front  of  the  chamber  the  electrometer  was  charged,  the  earth  connec- 
tion broken,  and  the  deflection  noted.  At  a  definite  instant,  which  was 
recorded  beforehand,  the  lead  screen  was  removed  and  the  ionization 
chamber  moved  along  from  degree  to  degree,  leaving  it  on  each  degree 
for  an  interval  of  time  proportional  to  sin  6,  where  6  was  the  angular 
setting  of  the  chamber  from  the  direct  beam.  The  schedule  for  moving 
the  chamber  was  prepared  beforehand,  and  was  so  designed  that  the 
amount  of  radiation  entering  the  ionization  chamber  during  its  tour 
around  the  circle  was  equal  to  the  total  amount  of  radiation  scattered  in 
I  second. 

The  total  charge  taken  by  the  electrometer  during  its  tour  around  the 
circle  was  then  proportional  to  the  total  x-rays  scattered  during  i  second. 
This  total  charge  was  deduced  from  the  total  change  in  deflection  of  the 
electrometer.  This  procedure  was  carried  through  for  the  empty  capsule 
and  for  the  full  capsule  in  such  a  manner  that  the  results  for  each  corre- 
sponded to  the  same  epoch.  At  the  end,  the  intensity  of  the  direct  beam 
was  again  measured  through  the  empty  and  full  capsules. 

III.  Procedure  in  Calculating  the  Mass-Scattering  Coefficient 
AND  THE  True  Mass-Absorption  Coefficient. 

I.  Calculation  of  the  total  mass-absorption  coefficient  (/x  +  (r)/p-  The 
densities  of  the  materials  in  the  capsules  were  determined,  in  the  case  of 
the  solids,  by  dividing  the  mass  of  the  material  packed  in  the  capsule  by 
the  volume  of  the  capsule;  in  the  case  of  the  liquids  by  finding  the  loss 
in  weight  of  a  sinker  of  known  volume  when  suspended  in  them. 
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When  the  small  hole  and  rotating  disc  were  used  for  measuring  the 
total  mass-absorption  coefficient,  this  quantity  was  given  by  the  expres- 
sion 

where  i  is  the  average  length  of  path  of  the  x-rays  through  the  scattering 
material,  and  d  is  the  ratio  of  the  intensity  of  the  beam  through  the  full 
capsule  to  that  through  the  empty  capsule. 

When  one  cycle  of  the  x-rays  falling  on  the  capsule  was  allowed  to 
enter  the  ionization  chamber  the  total  mass-absorption  coefficient  was 
calculated  from  the  following  expression : 

4         3  32  45 

where 

P 
D  is  the  diameter  of  the  capsule. 

2.  Calculation  of  the  fraction  of  the  x-rays  falling  on  the  scattering 
material  that  was  scattered.  When  using  the  scattering  curves  the  first 
procedure  was  to  multiply  the  ordinates  of  the  scattering  curve  by  the 
factor 

2  sin  6 


I  —  cos  6 


sin  6, 


where  8  is  half  the  plane  angle  subtended  at  the  scattering  material  by 
the  opening  in  the  ionization  chamber,  and  d  is  the  angle  from  the  direct 
beam  at  which  the  scattering  was  measured.  The  area  under  this  new 
curve  was  then  found,  using  26  as  the  unit  abscissa  and  100  per  cent, 
as  the  unit  ordinate.  This  area  is  equal  to  the  total  measured  scattered 
x-rays  in  terms  of  that  measured  at  the  angle  of  maximum  scattering. 
The  number  for  the  total  measured  x-rays  was  then  corrected  by  estima- 
tion for  the  scattering  between  165**  and  180**  inaccessible  to  the  ionization 
chamber.  This  correction  usually  amounted  to  i  or  2  per  cent,  of  the 
total  measured  x-rays.  Next  the  correction  for  absorption  in  the  scatter- 
ing material  (see  appendix)  was  applied,  giving  the  total  scattered  x-rays 
in  terms  of  that  measured  at  the  angle  of  maximum  scattering.  Finally, 
this  number  was  divided  by  the  ratio  of  the  energy  flux  falling  on  the 
scattering  material  to  that  entering  the  ionization  chamber  at  the  angle 
of  maximum  scattering,  giving  the  fraction  of  incident  x-rays  that  was 
scattered. 

When  the  scattering  was  measured  by  rotating  the  ionization  chamber 
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from  degree  to  degree  the  total  measured  scattered  x-rays  for  the  empty 
capsule  were  subtracted  from  that  for  the  full  capsule,  and  the  corrections 
for  the  region  inaccessible  to  the  ionization  chamber  and  for  the  absorp^ 
tion  in  the  scattering  material  were  applied.  This  gave  the  total  x-rays 
scattered  in  i  second  which  was  then  divided  by  the  x-rays  falling  on  the 
scattering  material  in  i  second. 

3.  Calculation  of  the  mass-scattering  and  the  true  mass-absorption 
coefficients.  When  one  cycle  of  the  radiation  falling  on  the  capsule 
was  allowed  to  enter  the  ionization  chamber,  the  amount  of  the  direct 
beam  taken  out  by  the  scattering  material  is  given  directly  by  i  —  d. 
When  the  small  hole  and  rotating  disc  was  used  the  fraction  of  the  direct 
beam  of  x-rays  taken  out  by  the  scattering  material  was  calculated  from 
the  expression 

4         3  32  45 

where 

P 

Let  this  fraction  be  denoted  by  T,  while  S  detiotes  the  fraction  of  the 
incident  beam  scattered.  Then  since  scattering  and  absorption  take 
place  together 

S  _      a 

T     M  +  <r' 

so  that  the  mass-scattering  coefficient  is  given  by 

0"  _  5    fi  -\-  a 
p      T        p     ' 

Each  of  the  three  quantities  on  the  right  were  measured  so  that  <r/p 
could  be  calculated.  The  true  mass-absorption  coefficient  was  then 
obtained  by  subtracting  the  mass-scattering  coefficient  from  the  total 
mass-absorption  coefficient. 

IV.  Sources  of  Error. 

1.  On  account  of  the  finite  size  of  the  scattering  material  there  is 
some  indefiniteness  as  to  its  centroid.  The  volume  of  the  scattering 
material  was  about  o.io  cm.'  and  0.20  cm.*  for  the  smaller  and  larger 
capsules  respectively. 

2.  The  x-rays  were  not  parallel  at  the  scattering  material,  so  that  the 
total  mass-absorption  coefficients  as  calculated  would  be  slightly  in  error. 
The  distance  from  the  source  of  x-rays  to  the  scattering  material  was 
I  meter. 
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3.  Saturation  voltage  in  the  ionization  chamber  was  secured  by  trial, 
and  then  twice  that  voltage  allowed  as  a  factor  of  safety. 

4.  The  electrometer  scale  was  not  absolutely  uniform,  but  the  proper 
corrections  were  applied  wherever  necessary. 

5.  The  variation  of  voltage,  frequency,  and  thermionic  current  through 
the  tube  would  introduce  serious  errors  in  work  of  this  kind  if  not  carefully 
controlled.  All  of  these  were  carefully  regulated  by  hand,  frequently 
one  person  giving  this  his  entire  attention. 

6.  Variation  in  the  effective  amount  of  methyl  bromide  in  the  ioniza- 
tion chamber  during  a  series  of  experiments.  Although  this  was  at 
times  rather  large,  standardizing  measurements  were  made  at  the  be- 
ginning and  end  of  each  series,  and  frequently  during  the  series,  so  that 
it  was  possible  to  allow  by  interpolation  for  uniform  changes  such  as 
the  above. 

7.  Non-uniformity  of  the  density  of  the  scattering  material  in  the 
capsules.  In  the  case  of  the  liquids  this  consideration  does  not  enter, 
and  in  the  case  of  the  diamond  splints  it  is  safe  to  conclude  that  the 
effect  is  negligible.  With  the  two  kinds  of  graphite  every  precaution 
was  taken  to  insure  uniformity  of  distribution  by  careful  packing,  and 
the  observations  were  made  allowing  the  x-rays  to  fall  on  different 
sections  of  the  capsule.  In  the  case  of  the  lithium  there  is  a  possibility 
(hardly  probable)  of  blow  holes.  These  blow  holes  might  even  be  filled 
with  some  of  the  oil  in  which  the  lithium  had  been  kept. 

8.  The  adjustment  of  the  small  hole  behind  the  scattering  material 
in  the  one  method  for  measuring  the  absorption  coefficient  and  the  adjust- 
ment of  the  slit  on  the  scattering  material  in  the  other  method  were 
made  with  great  care  as  a  small  displacement  of  these  limiting  devices 
would  lead  to  a  relatively  large  error  in  the  results. 

All  of  these  main  sources  of  error  and  several  other  minor  ones  have 
been  carefully  considered  and  it  is  estimated  that  the  final  results  are 
not  in  error  by  more  than  3  per  cent,  on  account  of  them. 

V.   Results  and  Discussion. 

Table  I.  gives  the  results  on  the  mass-scattering  and  the  true  mass- 
absorption  coefficients  of  the  substances  given  in  the  first  column.  The 
second  column  gives  the  method  used  in  the  determination,  the  number 
in  brackets  showing  the  number  of  separate  determinations  from  which 
the  values  in  a  given  line  were  deduced. 

Method  A  signifies  that  the  calculations  were  made  from  the  scattering 
curve  for  the  material.  The  comparison  with  the  direct  beam  of  x-rays 
in  these  calculations  was  determined  by  allowing  one  cycle  of  the  x-rays 
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falling  on  the  capsule  to  enter  the  ionization  chamber.  In  method  B 
the  ionization  chamber  was  moved  from  degree  to  degree  allowing  the 
charge  on  the  electrometer  to  accumulate.  The  comparison  with  the 
direct  beam  of  x-rays  in  these  calculations  was  determined  by  the  small 
hole  and  rotating  disc  method.  Method  C  differed  from  method  B 
in  that  the  comparison  with  the  direct  beam  was  as  in  method  A.  The 
third  column  gives  the  percentage  5,  of  the  x-rays  falling  on  the  scattering 
material,  which  was  scattered.  The  fourth  column  gives  the  fraction  F, 
of  the  x-rays  falling  on  the  scattering  material,  which  was  removed  by 
the  combined  processes  of  absorption  and  scattering.  The  fifth,  sixth,, 
and  seventh  columns  give  the  total  mass-absorption  coefficient,  the  mass- 
scattering  coefficient,  and  the  true  mass-absorption  coefficient  respec- 
tively. The  eighth  column  gives  the  means  of  the  mass-scattering 
coefficient  for  each  substance.  The  ninth  column  gives  the  value  of  K 
calculated  from  the  expression  fi/p  =  KN*\*  where  fi/p  is  the  true  mass- 
absorption  coefficient. 

A  comparison  of  the  position  of  the  maxima  in  the  scattering  curves 
for  the  solid  substances  shows  good  agreement  with  those  obtained  by 
Hull  ^  using  the  photographic  method.     The  relative  intensities  of  the 
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Fig.  I. 

various  maxima  agree  as  well  as  might  be  expected  considering  the  degree 
of  uncertainty  that  lies  in  estimating  relative  intensities  from  blackening 
of  photographic  plates. 

A  novel  point  of  interest  shown  by  the  curves  and  previously  reported 
by  the  writer*  is  that  for  the  solid  substances  the  scattering  becomes 
zero  for  very  small  angles  from  the  direct  beam,  and  approaches  zero 
for  the  liquids.  A  special  experiment  was  carried  out  to  check  this  fact* 
A  lead  slit  about  3  mm.  wide  was  placed  over  the  opening  in  the  ionization ' 
chamber  and  it  was  found  that  at  2**  from  the  direct  beam  the  liquids 

»  Phys.  Rev..  N.  S.,  10,  1917,  p.  661. 
*  Phys.  Rev.,  N.  S.,  17,  192 1,  p.  284. 
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scattered  less  than  lo  per  cent,  as  much  as  at  the  angle  of  maximum 

Table  I. 


6. 


8. 


Method. 


s%. 


p 


Meui 


Diamond  Splints. . 
Diamond  Splints. . 
Diamond  Splints. . 
Natural  Graphite. 
Artificial  Graphite 
Artificial  Graphite 
Artificial  Graphite 
Metallic  Lithium . 
Metallic  Lithium . 

Benzene 

Benzene 

Benzene 

Benzene 

Mesitylene 

Mesitylene 

Mesitylene...-. . . . 

Mesitylene 

Octane 

Ck:tane 


^(1) 

B(10) 

C(2) 

^(1) 
A{\) 
B(7) 
C(3) 
^(1) 
C(4) 

^(1) 
B{Z) 
C(3) 
C(l) 
^(1) 
B(2) 
C(2) 
C(l) 
^(1) 
C(l) 


n.86 

12.16 
12.19 
6.55 
6.33 
6.49 
6.35 
4.21 
4.14 
9.28 
6.90 
6.69 
9.70 
9.39 
6.83 
7.02 
9.89 
8.05 
8.29 


26.1 
|'31.7 
29.6 
18.6 
17.4 
17.4 
15.2 
5.78 
4.80 
18.6 
14.7 
13.8 
21.6 
18.4 
14.4 
12.8 
21.3 
15.5 
16.3 


.428 
.515 
.497 
.553 
.551 
.551 
.477 
.217 
.206 
.478 
.497 
.468 
.567 
.478 
.489 
.431 
.564 
.496 
.524 


.195 
.198 
.205 
.195 
.200 
.206 
.199 
.158 
.178 
.238 
.233 
.227 
.255 
.244 
.232 
.236 
.262 
.258 
.266 


.233 

.317 

.292 

.358 

.351 

.345 

.278 

.059 

.028^ 

.240 

.264 

.240 

.312 

.234 

.257 

.195 

.302 

.238' 

.258 


.199 


.201 


.168 


.238 


.244 


.262 


4.40X10-* 

4.44 

4.33 

4.53 

4.33 

4.26 

4.35 

4.36 


scattering,  while  for  graphite  and  diamond  the  scattering  was  zero  at 
angles  of  5*^  and  6**  respectively.  Since  this  fact  was  published,  A.  H. 
Compton^  has  given  a  theoretical  discussion  in  which  he  has  shown  that 
the  scattering  would  be  expected  to  become  zero  for  small  angles  in  the 
case  of  crystalline  material.  A  quantitative  explanation  of  this  behavior 
for  the  liquids  is  as  yet  not  forthcoming.  It  will  be  noticed  that  there 
is  a  prominent  maximum  which  occurs  for  the  solid  substances  at  a  smaller 

*  Not  yet  published. 
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angle  than  the  principal  maximum  which  corresponds  to  a  wave-length 
0.712  A.    Assuming  that  this  maximum  at  the  smaller  angle  is  due  ta 


fCO 

sc 

7<^ 

zc 

i 

hf 

fid 

ti 

Or 

iph 

u. 

, 

A 

I 

\ 

i 

u 

v\ 

k 

y 

V 

^ 

>m( 

■h,, 

«^ 

^    ^,  »-.A_ 

h^ 

5aa 

= 

J 

Su 

ttp' 

in9 

/(fl 

{0. 

^ 

»-^ 

^7 

t^ 

-t*- 

k^ 

16 

I 

0 

J 

I 

A 

0 

3 

© 

^ 

d 

I 

c 

ta 

^0 

too 

/ 

d 

It 

0 

i\d 

htC 

Idd 

fiO 

Fig.  3. 

the  short  wave-length  radiation  which  gets  through  the  Zr  filter,  the 
effective  wave-length  was  calculated  from  the  data  on  diamond  graphite 
and  lithium  supposing  that  this  maximum  was  due  to  reflection  from  the 
set  of  planes  giving  the  principal  maximum  in  each  case.  This  gave  the 
effective  wave-length  of  this  radiation  as  0.446,  0.441,  and  0.449  A., 


for  the  three  substances  in  the  order  named.  The  mean  value  for  this 
wave-length  is  then  0.445  A.  This  explains  the  appearance  of  the 
maximum  occurring  in  the  neighborhood  of  25**  in  the  curve  for  diamond, 
for  this  is  the  correct  position  for  second-order  reflection  of  wave-length 
0.445  A.  from  the  1 1 1  planes. 

The  appearance  of  a  very  pronounced  maximum  at  a  small  angle  for 
each  of  the  liquids  investigated  points  very  strongly  toward  the  view 
that  these  liquids  have  something  of  a  crystal  structure.  These  maxima 
occur  at  rather  small  angles,  and  consequently  the  maxima  due  to  the 
first  two  or  three  orders  of  reflection  for  the  wave-length  0.445  A.  would 
overlap  the  first  two  due  to  the  wave-length  0.712  A.     It  will  be  seen 
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that  this  idea  readily  lends  itself  to  explain  the  relatively  complicated 
structure  of  the  maxima,  and  the  slightly  irregular  course  of  the  scattering 
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curves  for  the  liquids  between  10®  and  25®  scattering  angle.  The  capsules 
containing  the  liquids  from  which  these  curves  were  obtained  were  0.25 
inch  in  diameter,  so  that  the  overlapping  would  be  greater  than  with 
the  smaller  capsules  (0.187  ii^ch  in  diameter)  which  were  used  for 
graphite  and  diamond.  The  scattering  curves  for  these  liquids  for  the 
first  25®  have  been  studied  very  carefully,  using  capsules  0.187  inch  in 
diameter,  and  a  slit  3  mm.  wide  across  the  opening  in  the  ionization 
chamber.  With  this  arrangement  the  complicated  structure  of  the 
maxima  shown  in  the  curves  in  this  paper  have  been  resolved  into 
separate  maxima,  and  the  position  of  the  principal  maximum  due  to 
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Fig.  6. 

wave-length  0.712  A.  found  as  follows:  benzene  8^.5,  mesitylene  6^.5, 
octane  8*^.1.  The  distances  between  the  planes  of  atoms  responsible 
for  these  maxima  are  as  follows:  benzene  4.8  A.,  mesitylene  6.3  A., 
octane  5.0  A. 

Very  little  information  can  be  drawn  from  the  curves  in  regard  to  the 
intensity  of  reflection  from  the  crystal  planes  in  the  successive  orders, 
for  the  number  of  sets  of  planes  cooperating  at  a  given  angle  of  scattering 
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in  the  case  of  powdered  crystals  is  too  great.  Since  there  are  an  infinite 
number  of  sets  of  planes  in  any  given  crystal  lattice^  the  number  of 
cooperating  sets  at  any  given  angle  of  scattering  would  be  very  great, 
and  would  be  greater  the  smaller  the  individual  crystals  of  the  material. 
This  point  is  illustrated  by  a  comparison  of  the  curves  for  natural  and 
artificial  graphite.  The  artificial  graphite  was  more  finely  powdered 
than  the  natural  graphite,  and  the  maxima  for  the  latter  stand  out  more 
prominently  than  for  the  former.  The  curves  indicate,  however,  that 
the  reflections  in  the  successive  orders  decrease  at  least  as  rapidly  as 
the  inverse  square  of  the  order  of  reflection. 

It  should  be  mentioned  that  the  shape  of  the  scattering  curves  depends 
to  some  extent  on  the  dimensions  of  the  scattering  material  and  the 
opening  in  the  ionization  chamber;  the  changes  in  the  curves  becoming 
more  abrupt  the  smaller  these  dimensions.  The  relative  heights  of  the 
maxima  and  minima  would  also  be  slightly  dependent  on  these  con- 
siderations. The  radiation  falling  on  the  scattering  material  contains, 
besides  the  K.  line  of  molybdenum,  an  appreciable  amount  of  shorter 
wave-length  radiation,  which  fact  in  itself  complicates  the  interpretation 
of  the  curves  to  a  certain  extent.  With  different  thicknesses  of  filtering 
material  the  scattering  curves  would  be  different.  The  more  homo- 
geneous the  radiation  the  more  prominent,  and  the  sharper  would  be  the 
maxima  of  the  curves.  But  even  with  constant  filter  thickness,  dimen- 
sions of  apparatus,  and  conditions  of  tube  operation,  there  is  still  a  factor 
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Fig.  7. 

which  affects  the  experimental  scattering  curves.  The  ionization  cham- 
ber is  not  long  enough  to  absorb  all  the  radiation  which  enters  it; 
especially  is  this  true  for  the  short  wave-length  radiation.  When  the 
ionization  chamber  had  been  freshly  filled  with  methyl-bromide  gas  the 
short  wave-length  radiation  was  absorbed  to  a  much  greater  extent  by 
the  gas  than  a  few  days  later  when  the  gas  had  become  less  susceptible 
to  ionization.     The  longer  wave-length  radiation  of  the  K.  line  was 
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absorbed  almost  to  the  same  extent  when  the  chamber  was  freshly  filled, 
and  for  a  few  days  thereafter.  It  may  readily  be  seen  that  the  experi- 
mental scattering  curve,  with  a  given  distribution  of  radiation  falling 
on  the  scattering  material,  will  depend  upon  the  density  of  methyl- 
bromide  gas  in  the  ionization  chamber;  the  maxima  will  be  sharper 
and  more  pronounced,  the  less  the  density  of  the  gas.  For  the  sake  of 
uniformity  and  in  order  to  have  large  ionization  currents  which. could 
be  measured  with  accuracy,  the  curves  shown  in  this  paper  were  deter- 
mined in  the  interval  between  freshly  filling  the  ionization  chamber  and 
a  time  when  the  ionization  current  had  fallen  to  half  value  with  a  con- 
stant intensity  of  x-rays.  In  the  other  part  of  the  work  where  the 
ionization  chamber  was  rotated  continuously  so  as  to  automatically 
integrate  the  scattered  radiation,  the  density  of  the  gas  in  the  ionization 
chamber  varied  widely.  It  is  noticeable  in  this  connection,  that  although 
the  total  and  true  mass-absorption  coefficients  varied  through  a  wide 
range  for  a  given  substance  the  mass-scattering  coefficient  was .  nearly 
constant.  This  is  to  be  explained  by  the  variation  in  the  an^ount  of 
methyl-bromide  gas  in  the  ionization  chamber.  Since  there  is  both  short 
and  long  wave-length  radiation  present  the  ionization  chamber  will  give 
a  relatively  greater  importance  to  the  short  wave-length  radiation  when 
freshly  filled  than  some  time  later,  so  that  the  effective  wave-length 
for  ionization  will  be  shorter  the  greater  the  density  of  methyl  bromide 
in  the  chamber.  According  to  theoretical  considerations  the  mass- 
scattering  coefficient  is  independent  of  the  wave-length  (over  certain 
regions  of  wave-length  this  is  not  true)  while  the  true  mass-absorption 
coefficient  in  this  region  of  wave-length  should  be  proportional  to  ^he 
cube  of  the  wave-length. 

In  order  to  test  the  above  proportionality,  the  factor  of  proportionality 
was  calculated  for  diamond,  graphite,  and  lithium  from  the  equation 
/x/p  =  KN^^.  The  value  of  X  to  be  substituted  in  this  equation  was 
determined  for  diamond  and  graphite  by  reading  off  from  the  absorption 
curve  for  carbon  previously  published  by  the  writer  the  wave-length 
corresponding  to  the  value  for  the  total  mass-absorption  coefficient. 
The  value  of  the  wave-length  for  lithium  was  taken  to  be  the  same  as 
that  for  natural  graphite  as  the  conditions  of  operation  were  about  the 
same  in  the  two  cases.  It  is  noticeable  that  K  is  nearly  the  same  for 
diamond,  graphite,  and  lithium,  its  mean  value  being  4.38  X  io~*.  This 
contradicts  the  writer's  former  work  on  lithium  where  K  and  the  absorp- 
tion coefficient  were  found  to  be  abnormally  high.  The  lithium  used  in 
the  former  experiments  must  have  been  impure.  At  least  it  is  known 
that  potassium  chloride  was  mixed  with  the  lithium  chloride  in  the 
electrolytic  separation  of  the  lithium. 
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From  the  data  given  in  the  table  it  is  seen  that  the  mass-scattering 
coeflSdent  for  carbon  agrees  with  the  theoretical  value  calculated  by 
J.  J.  Thomson,^  the  average  values  for  graphite  and  for  diamond  agreeing 
with  one  another  and  with  the  theoretical  value,  0.200,  within  the  limit 
of  experimental  error.  The  mass-scattering  coefficient  is  thus  seen  to 
be  independent  of  the  crystal  structure.  The  mean  value  for  lithium 
0.168  comes  within  3.5  per  cent,  of  the  theoretical  value  0.174.  The 
mass-scattering  coefficients  found  for  the  liquids  varied  somewhat  errat- 
ically, moreover  they  are  greater  than  the  theoretical  values  assuming 
the  mass-scattering  coefficient  of  carbon  and  hydrogen  to  be  0.200  and 
0.399  respectively.  The  theoretical  values  for  benzene,  mesitylene,  and 
octane  are  0.215,  0.220,  and  0.231  respectively,  while  the  means  of  the 
experimental  values  are  0.238,  0.244,  ^^d  0.248  respectively:  Assuming 
that  these  experimental  mass-scattering  coefficients  are  each  made  up 
of  two  parts,  one  due  to  carbon  and  one  due  to  hydrogen,  each  part  in 
proportion  to  the  mass  of  carbon  and  hydrogen  present  respectively, 
the  mass-scattering  coefficients  of  carbon  and  hydrogen  were  calculated 
to  be  9.228  and  0.375  respectively.  The  value  thus  found  for  hydrogen 
comes  within  6  per.  cent,  of  the  theoretical  yalue  0.399,  while  the  value 
for  carbon  is  14  per  cent.,  higher  th^n  the  value  found  for  graphite  and 
diamond.  The  mass-scattering  coefficients  of  the  three  liquids  found 
by  method  A  furnish  probably  a  more  just  basis  for  determining  the 
separate  coefficients  for  carbon  and  hydrogen  than  the  above  calculation, 
for  the  three  curves  were  determined  simultaneously  point  for  point. 
The  three  equations  for  the  three  substances  are: 

For  benzene  12C  +    H  =  3.100, 

For  mesitylene  9C  +    H  =  2.440, 

For  octane  16C  +  3H  =«  4.893, 

where  C  and  H  represent  the  mass-scattering  coefficients  of  carbon  and 
hydrogen  respectively.  These  equations  give  three  independent  values 
for  C  and  H. 

c.  H. 

0.220  0.488 

0.221  0.441 

0.220  0.460 

Means,                        0.220  0.463 

It  is  seen  that  both  the  values  of  C  and  H  are  considerably  larger  than 
the  theoretical  values.  If  these  liquids  contained  very  small  percentages 
of  some  element  of  moderately  large  atomic  weight,  such  as  bromine, 

*  Conduction  of  Electricity  through  Gases.  2nd  edition,  p.  325. 
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some  of  the  absorbed  x-rays  reemitted  as  characteristic  x-radiation  would 
be  of  sufficient  penetrating  power  to  reach  the  ionization  chamber  where 
it  would  add  to  the  effect  of  the  scattered  radiation.  At  least  this 
hypothesis  is  plausible  in  the  case  of  the  octane,  for  bromine  was  one  of 
the  constituents  of  one  of  the  compounds  from  which  it  was  prepared. 
The  origin  of  the  benzene  and  mesitylene  is  not  known,  but  their  boiling 
points  and  densities  indicate  that  they  are  relatively  pure.  One  might 
look  for  some  such  effect  as  proposed  above  by  the  method  devised  by 
A.  H.  Compton.*  This  was  tried  at  the  angle  of  maximum  scattering 
for  benzene  with  a  negative  result. 

VI.  Appendix.    Correction  for  Absorption  of  the  Scattered 
Radiation  within  the  Scattering  Material. 

Attempts  to  arrive  at  a  complete  solution  of  this  problem  have  not 
succeeded. 

Making  the  usual  assumption  of  exponential  absorption  of  the  x-rays » 
let  (m  +  <r)  be  the  linear  absorption  coefficient,  where  /x  represents  that 
part  of  the  coefficient  due  to  true  absorption,  and  tr  that  due  to  scattering. 
Let  us  suppose  that  the  distance  of  the  source  of  x-rays  from  the  scattering 
material  is  great  enough  so  that  the  x-rays  are  parallel  in  passing  through. 
This  condition  is  sufficiently  fulfilled  in  the  present  work.  It  may  then 
be  shown  that  of  a  beam  of  x-rays  striking  a  circular  cylinder  of  material 
perpendicular  to  Its  axis,  a  fraction  is  scattered  per  unit  solid  angle  in 
the  direction  making  an  angle  0  with  the  beam,  given  by  the  following 
expression: 

where  a  =  (m  +  (t)D  and  D  is  the  diameter  of  the  cylinder  f{6)  is  a 
factor  depending  on  the  crystal  structure,  expressing  the  angular  dis- 
tribution of  the  scattered  radiation.  Not  all  of  this  scattered  radiation 
gets  out  of  the  scattering  material  because  it  is  absorbed  and  scattered 
on  its  way  out.  If  it  assumed  that  none  of  8$  which  is  rescattered  gets 
out,  we  arrive  at  the  following  expression  for  the  fraction  of  the  original 
beam  getting  out  of  the  cylinder  per  unit  solid  angle  in  the  direction 
making  an  angle  0  with  the  beam 


where  R  is  the  radius  of  the  cylinder.     The  origin  of  coordinates  is  taken 


*  Phys.  Rev.,  N.  S.,  18,  1921,  p.  96. 
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on  the  axis  of  the  cylinder.  The  above  assumption  is  not  justifiable, 
and  consequently  5^'  given  above  is  too  small.  The  first  four  terms  of 
the  expansion  in  powers  of  a,  of  the  above  integral,  which  were  found 
for  me  by  Prof.  E.  W.  Chittenden,  of  the  department  of  mathematics 
at  this  university,  are  as  follows: 

c  /     x//»N  r          ^      t  ^  f       cosg      7(ir-7)    ,   ^-27            ,  sin  7V* 
S$  =f(B)    I a+-(  I ; COS7H 1 

—  { I  —  —cos  6+  — cos*  6 cos*  6-i cos*  Bja*    » 

45tV       22  22  22  22  /    J 

a  =  (m  +  <r)P 

and 

7  =  ^  if         o^^^-» 

2 

y  =  -  6       if     --^^^o, 
2 

y  =  T  —  6    if         -  <  e^  T, 

.  2 

TT  =  IT  +  e     if      -ir^^<— -• 

2 

The  ratio  S^jS^'  gives  the  correction"  factor  for  a  given  angle  ^,  that  is 
the  number  by  which  the  measured  scattered  radiation  must  be  multiplied 
to  give  the  actual  amount  scattered.  This  factor  will  be  too  large, 
however,  because,  as  mentioned  above,  S$  is  too  small.  The  diamond 
splints  being  the  substance  requiring  the  largest  correction  factor,  calcu- 
lations were  made  for  it  for  nine  values  of  B  from  o  to  t.  The  factor 
has  its  largest  value  1.228  at  o  and  continuously  decreases  to  its  smallest 
value  1.200  at  x,  the  value  1.2 16  at  ir/2  being  almost  the  mean  of  the 
other  two. 

Now  we  may  get  another  estimate  of  the  correction  factor  by  assuming 
that  all  of  the  originally  scattered  radiation  which  is  rescattered  gets  out. 
With  this  assumption  the  fraction  of  the  original  beam  getting  out  of 
the  cylinder  per  unit  sdid  angle  in  the  direction  making  an  angle  B  with 
the  beam  is  given  by  the  following  expression : 


R    J-^Rt^Jtl 

Since  the  previous  integral  when  solved  varied  so  little  with  the  angle  B 
it  was  deemed  sufficient  to  solve  the  above  expression  for  ^  =  o.     Now 
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this  expression  will  give  too  large  a  value  for  the  scattered  radiation 
getting  out  of  the  cylinder,  and  too  small  a  value  for  the  correction  factor 
for  some  of  the  rescattered  radiation  will  be  absorbed.  The  above 
integral  when  solved  for  ^  =  o  gives 

where  a  =  nD;  b  =  (ji  +  (r)D. 

The  values  of  5^/5^'  and  Si/S^"  for  ^  =  o  for  the  diamond  capsule 
were  respectively  1.228  and  1.130.  The  mean  value  of  this  is  1.179, 
and  since  the  value  1.228  for  ^  =  o  was  about  i  per  cent,  larger  than  the 
mean  value,  the  value  1.17  was  taken  as  the  average  correction  factor 
for  the  diamond  capsule.  In  the  case  of  the  other  materials  the  difference 
between  the  two  estimates  of  the  correction  factor  were  much  smaller. 
For  instance  for  the  artificial  graphite  the  two  values  were  i.ii  and  1.07, 
giving  a  mean  value  of  1.09. 
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ABSORPTION  COEFFICIENTS  FOR  HOMOGENEOUS 

X-RAYS. 

By  E.  G.  Taylor. 

Synopsis. 

Absorption  CoefficietUs  of  Various  Organic  Liquids  for  X-rays  of  Wave4ength 
0.715  A. — By  means  of  a  spectrometer  with  narrow  lead  slits  and  a  caldt^  crystal, 
the  K«  radiation  from  the  Mo  target  of  a  Coolidge  tube  was  reflected  into  an  ioniza- 
tion chamber,  and  the  effect  of  interposing  a  cell  containing  a  known  thickness  of 
liquid  before  the  first  slit,  was  measured.  Thus  absorption  coefficients  were  deter- 
mined for  carefully  purified  samples  of  pinene  (CioHiO,  limonene  (Ci«Hi«),  benzene 
(C«H«).  toluol  (CtHs),  isopropyl  alcohol  (CiHiO).  methyl  proprionaU  (C4H1O3).  ethyl 
acetate  (CiHbOs),  acetone  (CiHiO),  ethyl  formaU  (CtH«Os)  and  trimethylene  glycol 
(C,H,O0. 

Atomic  absorption  coejfficients  for  C,  H,  and  0  for  X-rays  of  wave4ength  0.71s  A. 
were  computed  from  the  above  data,  assuming  absorption  to  be  an  additive  atomic 
property,  and  came  out  from  11.00  to  11.55  X  lo"^  for  C,  0.45  to  0.50  X  lo'^  for 
H  and  29.9  to  31.0  X  lo***  for  o.  Using  the  mean  values,  the  computed  coefficients 
are  within  \  per  cent,  of  the  observations,  on  the  average.  But  the  fact  that  the 
computed  values  for  acetone  and  water  are  i  per  cent,  too  low  suggests  that  the  as- 
sumption that  absorption  is  an  atomic  property  may  not  be  accurately  true. 

THIS  research  was  undertaken  to  obtain  new  data  upon  the  absorp- 
tion of  x-rays  because  of  the  great  variation  in  the  results  obtained 
by  different  investigators.  The  work  of  HuU,^.  Richtmyer  and  Grant,^ 
Richtmyer,*' *  Hewlett*  and  Bragg*  has  shown  that  for  honiogeneous 
x-rays  the  absorption  is  proportional  to  the  cube  of  the  wave-lengths 
of  the  incident  radiation.  This  emphasizes  the  desirability  of  working 
with  as  near  pure  monochromatic  radiation  as  possible. 

In  this  work  the  author  proceeded  first  to  determine  the  molecular 
absorption  of  several  organic  compounds.  If  one  assumes  an  additive 
relation  for  molecular  absorption  it  is  then  possible  to  determine  the 
atomic  absorptions  of  the  constituent  elements.  In  this  way  the  atomic 
absorption  coefficients  were  determined  for  hydrogen,  carbon  and  oxygen 
for  the  wave-length  0.715  A. 

*  Phvs.  Rev.,  Vol.  8,  p.  326,  1916. 

>  Phys.  Rev.,  Vol.  15,  p.  547.  1920. 
»  Phys.  Rev.,  Vol.  17,  p.  264,  1921. 

*  Phys.  Rev.,  Vol.  18,  p.  13,  1921. 

»  Phys.  Rev.,  Vol.  17,  p.  284,  192 1. 

*  Phys.  Mag.,  Vol.  28,  p.  626,  1914. 
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The  molecular  absorption  is  defined  as  that  fraction  of  the  incident 
radiation  which  is  absorbed  per  molecule  per  square  centimeter  of  surface 
normal  to  the  direction  of  the  pencil  of  rays.  In  this  work  the  absorption 
means  the  total  decrease  of  the  incident  radiation  which  includes  the 
"true  absorption"  and  the  scattering  effect.  The  molecular  absorption 
was  computed  from  the  mass  absorption  through  the  relation, 

P 

where  M  represents  the  absorption  of  the  molecule, 
m  represents  the  actual  mass  of  the  molecule, 
/x  represents  the  absorption  of  substance  as  determined, 
p  represents  the  density  of  substance  used. 

In  this  computation  the  mass  of  the  hydrogen  atom  has  been  taken  as 
1.64  X  io~"  gms. 

The  hydrocarbons  used  for  the  determination  of  the  atomic  absorptions 
of  hydrogen  and  carbon  were  pinene,  limonene,  benzene  and  toluol. 
The  atomic  absorptions  were  then  determined  from  two  simultaneous 
equations  involving  the  molecular  absorptions  of  two  different  com- 
pounds.    For  example  the  following  equations: 

lo/ic  +  i6m^  =  1.209  X  10-", 
6/x«  +    6ixs  =  0.707  X  io-». 

Apply  to  pinene  and  benzene  respectively,  Mc  and  ixh  representing  the 
atomic  absorptions  of  carbon  and  hydrogen  and  the  right  members 
representing  the  molecular  absorptions  of  the  compounds. 

Having  determined  the  atomic  absorptions  of  hydrogen  and  carbon 
the  absorption  of  the  oxygen  atom  was  determined  from  the  molecular 
absorptions  of  several  organic  compounds  containing  oxygen. 

Method. 

The  general  method  of  making  these  measurements  did  not  involve 
any  essentially  new  principle.  The  radiation  used  was  that  of  the  K^ 
line  from  a  molybdenum-target  Coolidge  tube.  The  radiation  first 
passed  through  two  very  narrow  lead  slits  which  limited  the  divergence 
of  the  beam  to  a  few  minutes  of  angle.  The  emergent  radiation  was  then 
incident  upon  a  calcite  crystal  set  at  the  proper  angle  to  reflect  the  K^ 
line  in  the  first  order.  After  reflection  the  radiation  passed  through 
another  slit  into  the  ionization  chamber. 

The  central  electrode  of  the  ionization  chamber  was  supported  in  a 
bakelite  insulator  and  connected  to  the  leaf  of  a  Bumstead  electroscope. 
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Methyl  iodide  or  ethyl  bromide  was  used  to  increase  the  ionization. 
Considerable  difficulty  was  experienced  with  leakage  when  the  vapor 
density  approached  that  of  saturation.  By  using  an  ionization*chamber 
approximately  70  cms.  long  sufficient  ionization  was  produced  when 
the  vapor  density  was  low  in  which  case  the  leak  became  negligible  or 
could  easily  be  corrected  for.  The  intensity  of  radiation  was  measured 
by  the  rate  of  change  of  potential  of  the  central  electrode  as  indicated  by 
the  electroscope. 

The  various  solutions  were  held  in  a  small  bakelite  cell  while  the 
absorption  determinations  were  being  made.  This  cell  was  placed  in 
front  of  the  first  slit  and  in  this  way  scattered  radiation  was  prevented 
from  entering  the  ionization  chamber. 

The  filament  of  the  tube  was  maintained  at  a  constant  temperature 
by  a  set  of  storage  batteries  while  the  potential  across  the  tube  was 
supplied  by  a  5  KVA  high-tension  transformer.  Since  the  primary 
voltage  was  supplied  from  the  mains  small  variations  of  potential  across 
the  tube  were  unavoidable.  To  make  the  effect  of  this  variation  as 
small  as  possible  the  data  were  taken  in  a  contiguous  series  of  observa- 
tions lasting  over  a  considerable  time.  In  this  way  the  error  due  to  the 
fluctuations  of  potential  tended  to  eliminate  itself  in  the  mean  of  several 
observations. 

The  absorption  was  computed  from  the  following  formula, 

2.30,        ^r. 
a  1 0 

where  d  represents  the  thickness  of  the  absorber,  T,  and  To  the  times 
required  to  change  the  potential  of  the  system  to  some  constant  and 
arbitrary  value  with  and  without  the  absorber  and  K  the  fraction  of  the 
incident  energy  transmitted  by  the  empty  cell. 

Results. 
From  the  data  taken  the  molecular  absorption  was  computed  from  the 
relation  previously  given.     The  following  table  gives  the  results  directly 
obtained  from  the  data  for  the  hydrocarbons. 


Compoimd. 


Pinene,  CioHu. . . 
Limonene,  CioHi« 
Benzene,  CeHe.  .  • 
Toluol,  C7H8 


Molecalar 
AbMiption 

X  10.S4 


1.209 
1.206 
0.707 
0.834 
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From  these  different  compounds  various  sets  of  simultaneous  ^nations 
may  be  written  and  from  them  the  atomic  absorption  of  carbon  can  be 
determined.  These  values  for  the  absorption  of  the  carbon  atom  to- 
gether with  the  different  combinations  of  the  compounds  used  are  as 
follows: 

Benzene— Pinene 0.1132  X  lO"* 

Benzene—Limonene 0.1137  X  10-« 

Benzene— Toluol 0.1100  X  10-« 

Toluol— Limonene 0.1155  X  10-« 

Toluol— Pinene 0.1148  X  lO"" 

Mean  -  0.1134  X  lO"* 

Knowing  the  absorption  of  the  carbon  atom  it  was  then  possible  to 
get  the  absorption  of  the  hydrogen  atom  from  the  molecular  absorption 
of  each  of  the  hydrocarbons  used.  The  values  obtained  for  hydrogen 
from  the  different  compounds  are,  pinene  0.0050,  limonene  0.0045, 
benzene  0.0045  and  toluol  0.0047.  In  each  case  the  numerics  are  multi- 
plied by  10-*^. 

The  results  obtained  for  the  atomic  absorption  of  oxygen  and  the 
compounds  from  which  they  were  obtained  are  given  below. 


Subftanc*. 

#•• 

Motocnltr 
AbMrptkm. 

of  Oxygeo. 

laopropyl  Alcohol,  CiHgO 

■ 
0.544 
.698 
.684 
.563 
.737 
.833 

0.683  X10-« 

1.089 

1.099 

0.679 

0.970 

0.986 

0.304  X10-« 

Methyl  Proprionate,  C4H1OS 

0.299 

Ethvl  Acetate.  CiHgO* 

0.304 

Acetone.  CiHgO 

0.310 

Ethyl  Tomate,  CiHeOs 

0.301 

Trimethylene  Glycal,  CiHgOt. 

0.304 

Mean  -  0.304  X  lO"". 

A  summary  of  all  results  obtained  by  the  author  and  those  obtained 
by  others  are  included  in  the  following  table. 

Preliminary  experiments  showed  the  necessity  of  specially  prepared 
chemical  compounds  to  avoid  the  impurities  which  are  often  present  in 
materials  supposed  to  be  pure.  In  the  preparation  of  the  hydrocarbons 
the  author  commenced  with  relatively  pure  samples  of  pinene,  limonene 
and  benzene  and  further  purified  these  through  repeated  distillation  or 
crystallization.  The  toluol  used  was  not  further  purified  but  since  it 
gave  results  in  agreement  with  those  obtained  from  the  other  compounds 
the  results  are  likewise  included  in  the  tables.  The  oxygen  compounds 
were  specimens  very  carefully  purified  by  Mr.  G.  A.  Ramsdell  of  the 
department  of  chemistry  and  left  little  to  be  desired  in  their  purity. 
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Subttance. 


Obserren. 

Hewlett. 

Richtmyar. 

Windc&rtfa. 

Taylor. 

0.551 

0.667 

0.1084* 

0.1313* 

0.1134 

1.126 

1.000 

0.295« 

2.62* 

0.304 

0.01  P 

0.0048 

5.17 

5.32 

5.28 

5.15 

2.30« 

2.37* 

2.36* 

2.29 

1.073 

1.129 

1.013* 

1.089 

.317« 

0.333 

0.322 

0.786 

0.714 

.748* 

0.679 

Carbon,  tx/p . 


Oxygen,  m/p.  • 
Hydrogen,  piu  - 


Aluminum,  m/p- 
Ma. . 


Water,  m/p  •  •  • 
M  mol. 


Acetone,  ti/p . . . 
M  mol. 


fia*  Written  for  atomic  absorption. 

The  high  value  obtained  by  Windg&rth  for  the  absorption  of  oxygen 
is  probably  due  to  an  impurity  of  high  atomic  weight.  The  molecular 
absorption  of  acetone  as  determined  by  that  investigator  is  considerably 
higher  than  the  value  obtained  by  the  writer.  Acetone  and  many  other 
organic  compounds  absorb  moisture  from  the  air  and  unless  used  soon 
after  preparation  will  cause  an  error  depending  upon  the  amount 
absorbed. 

From  the  data  it  is  seen  that  two  pairs  of  isomers  have  been  used. 
Within  the  limit  of  the  experiment  the  molecular  absorptions  are  the 
same  for  the  compounds  of  the  same  composition  and  offer  additional 
evidence  in  favor  of  the  view  that  x-ray  absorption  is  an  atomic  property. 
In  the  case  of  oxygen  however  there  seems  to  be  a  difference  between 
the  atomic  absorption  of  oxygen  as  determined  by  Hewlett  using  liquid 
oxygen  and  that  determined  from  oxygen  compounds  in  this  investigation 
which  is  somewhat  greater  than  the  error  of  measurements.  Whether 
there  is  any  significance  to  this  small  difference  can  only  be  determined 
by  additional  work  in  which  the  same  investigator  uses  both  forms  of 
oxygen.  Some  doubt  may  also  be  cast  upon  the  belief  that  x-ray  absorp- 
tion is  a  property  of  the  atom  only  when  one  considers  the  absorption  of 
hydrogen  as  determined  in  this  research.  From  the  measurement  of  the 
molecular  absorptions  of  four  hydrocarbons  the  atomic  absorption  of 

*  Computed  from  author's  data  on  water  and  oxygen. 

*  Computed  from  author's  data. 

*  Computed  from  author's  data  from  value  for  X  =  .430  A.  by  the  relation  n/p  =  KX^+ajp. 
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hydrogen  was  found  to  be  0.0048  X  lo"^.  When  the  atomic  absorption 
of  oxygen  0.304  X  io~*^  is  subtracted  from  the  molecular  absorption  of 
water,  0.322  X  lO"^  a  value  is  found  for  the  absorption  of  hydrogen 
approximately  twice  that  as  determined  from  the  hydrocarbons.  This 
difference  in  the  absorption  of  the  hydrogen  atom  seems  considerably 
greater  than  the  experimental  error  would  account  for.  This  apparent 
difference  in  the  absorption  of  hydrogen  in  water  and  in  hydrocarbons 
might  be  caused  by  a  difference  in  the  strength  of  the  bond  uniting  the 
hydrogen  to  the  other  elements  of  the  compound.  This  seems  the  most 
probable  when  one  realizes  the  extreme  stability  of  the  hydrocarbons 
and  the  ease  with  which  water  is  broken  up. 

Untvbrsity  op  Wisconsin, 
Madison,  Wisconsin, 
Aug.  5.  1922. 
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A  SECOND  UNDAMPED  WAVE  METHOD  OF  DETERMINING 
DIELECTRIC   CONSTANTS. 

By  a.  p.  Carman  and  G.  T.  Lorancb. 

Synopsis. 

New  Undamped  Wave  Method  of  Measuring  Capacities,  Changes  of  Capacity  and 
Dielectric  Constants, — ^A  previously  described  method  is  very  fatiguing,  since  it 
involves  adjusting  a  beat  tone  produced  by  two  ultra-audion  circuits,  to  the  same 
pitch  as  that  of  a  standard  tuning  fork.  The  new  method  involves  merely  reading 
galvanometer  deflections,  and  depends  upon  the  observation  that  under  certain 
conditions  the  relation  between  current  in  plate  circuit  and  capacity  in  the  oscillating 
circuit  is  linear  for  a  limited  range,  therefore  three  current  readings,  corresponding 
to  an  unknown  and  two  known  capacities,  are  sufficient  to  determine  the  unknown. 
Small  changes  of  capacity,  for  instance  o.oi  cm.  in  1000  cm.,  can  readily  be  detected 
and  measured.  The  accuracy  of  the  method  is  practically  equal  to  that  of  the 
standards  if  sufficient  care  is  taken  to  keep  circuit  conditions  constant. 

Dielectric  Constant  for  Air,  Carbon  Dioxide  and  Illuminating  Gas, — Preliminary 
results  obtained  by  the  above  method  are  1.00060.  1.00099  and  1.00077,  respectively, 
for  76  cm.  of  Hg. 

IN  December,  1919,  W.  H.  Hyslop  and  the  first  named  of  the  present 
writers,  presented  a  paper  before  the  American  Physical  Society* 
on  "An  Undamped  Wave  Method  of  Determining  Dielectric  Constants 
of  Liqfiids."  This  method  uses  two  circuits  of  the  "  ultra-audion  "  type, 
one  operating  at  a  constant  frequency,  and  the  other  tuned  by  changing 
the  capacity  of  an  adjustable  condenser  to  such  a  frequency  that  a  definite 
beat  tone  is  obtained  for  the  two  circuits.  The  beat  tone  is  fixed  by  the 
ear,  a  tuning  fork  being  used  as  a  standard  for  comparison.  A  substitu- 
tion method  is  then  used  to  determine  the  capacity  of  the  condenser 
with  and  without  the  dielectric.  Later,  Professor  Whiddington*  pub- 
lished the  account  of  his  ingenious  use  of  ultra-audion  circuits  to  measure 
minute  changes  in  distance  between  air-condenser  plates  by  the  changes 
in  capacity.  Other  uses  of  the  same  general  method  have  since  been 
independently  made. 

Recent  work  carried  on  by  the  first  writer  and  his  students  has  shown 
that  while  the  limit  of  accuracy  of  the  above  ultra-audion  method  is 
theoretically  only  that  of  the  calibration  of  the  adjustable  capacity 
standards,  yet  practically  there  is  a  limit  owing  to  the  fatigue  of  the  ear. 
After  an  observer  has  worked  a  half-hour  or  so  in  tuning  a  circuit  with 
a  tuning  fork  or  other  tone  standard,  he  is  apt  to  become  fatigued  and 

>  Phvs.  Rev.,  Vol.  XV.,  p.  243,  1920. 
*  Phil.  Mag..  Nov.,  1920. 
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nervous.  While  we  have  considerable  unpublished  data  on  dielectric 
constants,  determined  by  the  above  method,  we  have  on  account  of  this 
fatigue  turned  attention  to  developing  a  method  involving  the  reading 
of  an  instrument  rather  than  the  one  involving  the  comparison  of  tones. 
The  method  described  below  was  suggested  by  Mr.  J.  J.  Dowling's 
"  Recording  Ultra-Micrometer,"  ^  and  has  proved  sensitive  and  con- 
venient in  use.  One  arrangement  of  the  circuit  used  by  us  is  shown  in 
Fig.  I.  There  is  an  audion,  with  an  inductance  L  and  capacity  (Ci  +  C2) 
in  the  grid  circuit  arranged  so  as  to  generate  undamped  oscillations  of 
any  desired  frequency.     In  the  plate  circuit,  there  is  joined  in  parallel 


Fig.  1. 

the  adjustable  resistance  R,  and  the  galvanometer  G.  The  resistance 
circuit  Rg  includes  a  battery  of  e.m.f.  £„  and  forms  what  Mr.  Dowling 
calls  a  "zero  shunt,"  enabling  the  use  of  a  sensitive  mirror  galvanometer 
G  to  measure  changes  in  the  plate  current,  when  i?,  is  large  compared 
with  the  galvanometer  resistance.  We  have  used  a  Leeds  and  Nqrthrup 
mirror  galvanometer  with  a  sensitiveness  of  2  X  lO"*  amp.  per  scale 
division.  A  number  of  curves  showing  the  change  of  mean  plate  current 
with  changes  of  the  capacity  (Ci  +  d)  were  drawn.  These  curves 
varied  for  different  voltages  Ep  in  the  plate  circuit  and  with  the  degree 
of  coupling.     The  curve  shown  in  Fig.  2  is  the  curve  with  50  volts  in  the 
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Fig.  2. 

plate  circuit,  and  the  coupling  which  was  found  to  give  the  maximum 
slope  at  that  voltage.  It  is  noted  from  this  that  for  capacities  from  1,000 
to  3,500  cm.  there  is  a  linear  relation  between  the  mean  plate  current  and 

»  London  Engineering,  Sept.  9,  192 1. 
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the  capacity,  and  a  change  of  i  cm.  corresponds  to  a  change  of  plate 
current  of  2.1  X  lO"^  amperes.  It  is  thus  possible  to  read  with  the  above 
arrangement  a  change  of  capacity  of  a  hundredth  of  a  centimeter.  This 
sensitiveness  can  be  increased  by  using  other  e.m.f.  of  the  plate  battery 
and  also  by  using  a  more  sensitive  galvanometer,  but  the  above  is  far 
more  sensitive  than  called  for  by  the  present  calibration  of  our  small 
capacities. 

The  above  method  has  been  tested  in  the  determinations  of  the  dielec- 
tric constants  of  a  number  of  gases.  Two  **air"  condensers  were  used, 
the  larger  one  Ci  of  a  fixed  capacity  of  3,580  cm.  and  the  smaller  one  Ci 
of  adjustable  capacity.  The  construction  of  these  condensers  is  most 
easily  given  by  Figs.  3  and  4.    The  larger  condenser  is  placed  in  a  glass 


Fig.  3. 


Fig.  4. 


cylinder  which  is  exhausted  by  a  **Hy-Vac"  pump,  and  into  which  the 
different  gases  can  be  introduced.  The  whole  apparatus  is  enclosed  in 
grounded  wire  cages.  The  eyepiece  of  the  galvanometer  projects  through 
a  small  opening  in  the  wire  screen.  The  capacity  of  the  small  adjustable 
cylindrical  condenser  is  changed  from  the  outside  by  strings.  The  func- 
tion of  this  condenser  is  to  determine  the  relation  between  the  galvan- 
ometer deflections  and  the  change  in  capacity.  The  change  in  capacity 
of  the  **air"  condenser  in  a  vacuum  and  with  a  given  gas  as  dielectric 
can  thus  be  measured  in  terms  of  deflections  of  the  galvanometer.  The 
results  which  we  have  obtained  are  only  preliminary  since  we  have  not 
yet  calibrated  our  small  standard  condenser  with  the  desired  accuracy. 
We  are  also  not  sure  of  the  purity  of  the  gases  used,  though  they  are  from 
standard  producers,  and  are  supposed  to  be  **pure." 
Some  of  the  preliminary  results  are  as  follows: 
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Table. 

Dielectric  Constant  K  for  Air. 


[Sbcond 
Sbribs. 


Chance  in 

PrttMare  in 

Cmi.  He. 

0«1t.  Deflection 

for  CoiTespondinc 

Change  m  Ci. 

OalT.  Deflectioa 
Cs.Setforz.sCms. 

K  for  76  Cm.  He. 

Oto  75 

3.32                                  3.00 
3.20                                 2.85 
3.30                 1                 3.20 

1.000618 

0  to  75 

1.000627 

0  to  75 

1.000576 

Oto  75 

3.50 

3.35 

1.000583 

Mean 

1.000601 

K  for  illuminating  gas  at  76  cm.  Hg.  «  1.000772 
K  for  carbon  dioxide  at  76  cm.  Hg.  -  1.00099 

The  method  is  so  sensitive  that  any  lack  of  constancy  in  conditions 
becomes  important.  Thus,  one  of  the  greatest  difficulties  was  that  of 
maintaining  a  constancy  of  the  filament  current;  as  a  change  of  tem- 
perature of  bulb  or  other  part  of  circuit,  or  little  irregular  action  of  the 
storage  battery  changed  the  filament  current  and  this  showed  in  the 
mirror  galvanometer  in  the  plate  circuit.  Most  of  these  minor  but 
important  difficulties  are  now  reduced  or  eliminated. 

Laboratory  of  Physics, 
Univbrsity  of  Illinois, 
Urbana.  Illinois. 
June.  1922. 
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ON  A  NEW  METHOD   FOR  THE  GENERATION  OF 
SOUND-WAVES.i 

By  Jul.  Hartmann. 

Dr,  techn.  Doctnt  in  the  Royal  Technical  College,  Copenhagen. 

Synopsis. 

Pressure  variation  along  a  high-velocity  air  jet,  produced  by  a  pressure  of  0.9  to 
5  atm.  abbve  normal,  was  determined  with  a  simple  Pitot  tube,  and  the  periodic 
intervals  of  instability  were  located  (Figs.  2  and  5). 

New  Source  of  Sound;  Resonator  Actuated  by  a  High-  Velocity  A  ir  JeL — It  was  found 
that  the  intervals  of  instability  referred  to  above  can  be  used  for  the  generation 
of  sound,  (i)  Bulb  form.  When  the  small  orifice  to  a  bulb  is  placed  in  one  of 
these  intervals  so  that  the  particles  of  air  move  in  and  out  of  the  opening,  pulsa- 
tions like  those  of  a  siren  are  produced,  the  tones  not  being  pure.  The  fundamental 
frequency  depends  on  the  volume  of  the  bulb,  the  size  of  the  orifice  and  the  position 
in  the  jet.  and  may  readily  be  varied  from  i/io  to  5.000  per  second.  (2)  Cylindrical 
form.  When  a  simple  cylindrical  resonator  is  placed  with  one  end  in  an  interval 
of  instability,  pure  tones  are  produced  except  in  certain  positions  when  overtones 
may  be  present.  The  frequency  is  the  fundamental  of  the  resonator  and  may  be 
made  as  high  as  125.000  per  second  by  using  a  very  short  tube,  abbut  0.5  mm.  in 
length  and  in  bore.  With  a  hydrogen  jet.  the  frequencies  are.  of  course.  3.8  times 
as  high.  The  efficiency  of  such  sources  is  remarkable,  intensities  that  are  painful 
being  readily  produced.  Practical  forms  of  these  generators  are  illustrated  (Figs. 
3  and  4). 

Introduction. 

IF  air  is  allowed  to  stream  from  a  container  in  which  the  absolute 
pressure  is  more  than  1.9  atm. — that  is  the  overpressure  is  higher 
than  0.9  atm. — through  a  hole  or  a  short  bore  out  into  the  free  atmos- 
phere, a  jet  is  produced  which  exhibits  a  peculiar  periodic  structure.  It 
was  Mach  and  Salcher^  who  first  noticed  this  structure  by  photographing 
the  jet.  Mach  explained  it  as  due  to  stationary  sound-waves  and 
suggested  an  explanation  as  to  how  the  waves  were  created.  Later  the 
jet  was  studied  by  R.  Emden' — also  by  means  of  photography — ^and  he 
produced  a  theory  for  the  sound-waves.  A  direct  investigation  of  the 
distribution  of  the  pressure  in  the  air-jet  was  carried  out  by  Parenty* 
by  means  of  a  sound  which  was  introduced  into  the  jet,  and  the  same 
method,  but  with  considerably  improved  apparatus,  was  employed  by 

» Extract  from  "Det  kgl.  Danske  Videnskabernes  Selskab.  Mathm.  fysiske  Meddelelser." 
I..  13,  1919. 

*  Wied.  Ann..  41.  p.  144,  1890. 

*  Wied.  Ann..  69.  p.  264  and  426,  1899, 

*  Ann.  Chem.  Phys..  12,  289,  1897. 
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Stodola.^  Stodola's  experiments  have  to  a  high  degree  contributed  to 
elucidate  the  structure  of  the  air-jet.  Finally  should  be  mentioned  very 
important  work  done  by  Prandtl  *  who  succeeded  in  solving  the  differ- 
ential equation  for  the  wave-motion  in  the  jet,  and  to  whom  we  owe  a 
series  of  exceedingly  instructive  photographs  of  the  jet.  Thus  we  now 
possess  a  fairly  complete  comprehension  of  the  air-jet  and  especially  it 
is  now  known  that  the  periodical  structure  is  closely  connected  with  the 
fact  of  the  velocity  of  the  jet,  with  sufficiently  high  overpressure,  being 
higher  than  that  of  the  sound. 

The  Use  of  the  Air-jet  for  the  Generation  of  Sound-waves. 
The  author  has  carried  out  a  series  of  investigations  on  the  jet  by  means 
of  the  arrangement  shown  in  Fig.  i.     In  this  figure,  the  jet-forming 


Fig.  1. 


Fig.  2. 


element  is  indicated  by  the  letter  S  and  is  shown  as  a  drawn-out  glass 
tube.  K  designates  the  sound  of  a  Pi  tot  apparatus  connected  through 
the  rubber  tube  r i  with  one  of  the  branches  of  the  U-shaped  manometer 
M.  The  other  branch  of  M  was,  through  fj,  connected  with  the  bulb  B, 
from  which  the  air  was  flowing  to  5.  In  5  the  air  was  kept  at  a  constant 
pressure  by  means  of  a  compressor,  which  through  r s  communicated  with 
B.  In  the  experiment  an  air-chamber  of  about  15/  was  inserted  between 
the  bulb  5,  which  had  a  volume  of  about  y,  and  the  compressor. 

» A.  Stodola,  Die  Dampfturbine.  Berlin.  1910. 
»  Phys.  Zs.,  5.  p.  599.  1904.  and  8.  23.  1907. 
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In  representing  the  pressure  difference  A,  read  on  the  manometer, 
graphically  for  varying  positions  of  the  sound  K  out  along  the  axis  of 
the  air-jet  one  gets  a  curve  of  the  character  shown  in  Fig.  2,  a,  provided 
the  pressure  in  B  is  lying  between  the  above-mentioned  critical  and  a  cer- 
tain higher  value.  The  curve,  as  will  be  seen,  gives  a  picture  of  the  per- 
iodical structure  of  the  jet.  In  comparing  the  curve  with  photographs 
of  the  jet  it  is  found  that  the  Pi  tot  curve  fairly  truly  represents  the  pres- 
sure-variations along  the  axis  of  the  jet. 

It  was  now  found  that  the  intervals  a\  61,  a%  6j,  as  6j  and  so  on,  the 
intervals  of  instability  as  they  are  termed  below,  within  which  the  pres- 
sure increases,  may  be  used  for  the  production  of  air-waves  of  two 
different  types,  which  will  be  considered  separately  in  the  following. 
For  the  production  of  the  one  kind  of  waves  a  bulb.  Fig.  26,  provided  with 
a  tube  which  is  drawn  out  to  a  fine  aperture,  can  be  used.  When  this 
aperture  is  introduced  into  one  of  the  intervals  of  instability,  as  indicated 
in  the  figure  where  the  jet  is  drawn  in  correct  position  to  the  curve  in 
Fig.  2,  a,  the  bulb  will  periodically  fill  with,  and  again  exhaust  air. 
The  motion  of  the  air  particles  during  the  filling  and  the  exhaust  is 
schematically  indicated  in  Fig.  2,  b  and  Fig.  2,  c.  The  period  of  the 
phenomena  depends  on  the  size  of  the  bulb,  on  the  width  of  its  mouth, 
on  the  position  of  this  latter  in  the  interval  a  6,  and  finally  on  the  interval 
of  instability,  and  on  the  pressure  in  that  container  from  which  the  air 
flows  to  the  jet.  The  larger  the  volume  or  the  smaller  the  mouth,  the 
longer  the  period.  All  periods  from,  say,  10  sec.  or  more  to  1/5,000 
sec.  or  less  can  easily  be  produced.  The  rapid  oscillations  of  the  air  are 
of  course  heard  as  a  tone.  Same  has  the  same  unclear  character  as  that 
of  a  siren.  We  shall  in  the  following  term  the  indicated  air-oscillations 
as  pulsations  in  order  to  distinguish  them  from  the  other  kind  of  oscilla- 
tions which  may  appropriately  be  called  resonance-oscillations.  The 
latter  receive  their  designation  from  the  fact  that  they  are  produced  by 
introducing  the  mouth  of  a  simple  cylindrical  resonator  (oscillator)  into 
one  of  the  intervals  of  instability.  The  air  will  in  this  case  oscillate 
mainly  with  the  natural  frequency  of  the  resonator  so  that  the  produced 
regular  sound-waves  attain  a  wave-length  of  fully  four  times  the  depth 
of  the  resonator.  Thus  the  frequency  is  now  to  a  certain  degree  inde- 
pendent of  the  interval  of  instability  as  well  as  of  the  location  of  the 
aperture  of  the  resonator  in  this  latter,  and  of  the  pressure  of  the  out- 
flowing air,  etc.  The  intensity  of  the  oscillations  however  undoubtedly 
increases  with  the  rise  of  pressure  p  in  the  interval  of  instability.  (See 
Fig.  2,  a.)  It  is  ordinarily  very  high  due  undoubtedly  partly  to  the  high 
density  of  the  energy  in  the  air-jet,  partly  to  a  comparatively  very  high 
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efficiency  of  the  generator.  (Provisory  measurements  seem  to  prove 
that  the  efficiency  at  about  20,000  periods  per  sec.  is  as  high  as  10  per 
cent.)  As  to  the  frequency,  resonance-oscillations,  i.e.,  pure  acoustic 
oscillations  of  100,000  periods  per  second  or  more,  can  easily  be  produced 
by  means  of  a  jet  of  atmospheric  air.  With  a  jet  of  hydrogen  a  frequency 
of  more  than  300,000  can  be  obtained.  As  a  matter  of  fact  the  author 
has  been  able  to  produce  intense  sound-waves  of  340,000  periods,  and  in 
all  probability  there  will  be  nothing  to  prevent  the  production  of  still 
higher  frequencies.  The  author  therefore  holds  the  opinion  that  the 
air-jet  in  connection  with  a  resonator  furnishes  a  means  for  producing 
intensive,  pure  acoustic  oscillations  of  higher  frequencies  than  has  hither- 
to been  possible. 

Practical  Forms  of  the  Acoustic  Generator. 

As  to  the  practical  construction  of  an  apparatus  for  the  production  of 
air-waves  (pulsations  of  resonance-oscillations)  according  to  the  new 
principle,  numerous  possibilities  present  themselves.  What  is  required 
is  merely  a  means  for  inserting  the  aperture  of  the  resonator  or  *  *  pulsator ' ' 
(Fig.  2,  b)  into  the  interval  of  instability  and  to  center  the  aperture  in 
relation  to  the  jet.     Fig.  3  shows  a  construction  which  is  adaptable  for 


Fig.  3. 

many  purposes.  The  pressure-tube  is  here  T,  which  has  been  extended 
with  the  jet-forming  element  S.  T  is  carried  through  the  wide  bore  in 
the  vertical  arm  A  which  is  provided  with  plane  sides.  By  means  of 
two  nuts  M\  and  Afj,  T  is  fastened  to  -4.  By  loosening  one  of  these 
nuts  the  jet-hole  may  be  centered  relative  to  the  mouth  of  the  resonator 
R  by  means  of  three  screws  Si,  52,  s%,  of  which  only  one,  Su  is  shown  in  the 
figure.  The  resonator  is  made  as  a  cylindrical  bore,  of  approximately 
the  same  diameter  as  the  jet-hole,  at  the  end  of  a  short  piece  of  metal. 
The  edges  of  the  bore  are  sharpened  as  shown  in  the  figure.  The  resona- 
tor, respectively  the  pulsator  is  screwed  into  the  end  of  the  micrometer 
screw  M  and  can  by  means  of  this  be  adjusted  in  one  or  the  other  of  the 
above-mentioned  intervals  of  instability  of  the  jet.     The  screw  and  the 
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pressure-tube  are  connected  through  the  baseplate  F  which,  if  desired, 
may  be  attached  to  a  heavier  plate  or  to  the  apparatus  in  connection 
with  which  the  acoustic  generator  is  to  be  used. 

During  the  fundamental  experiments  an  apparatus  was  used  which 
has  in  many  respects  proved  practical.  It  is  shown  in  Fig.  4.  On  a 
heavy  iron  beam  is  mounted  a  vertical  stand  through  which  is  carried 
a  short  pipe.  The  pipe  is  at  the  one  end  provided  with  a  head  into  which 
the  jet-forming  element  is  screwed.  Another  stand  on  the  iron  beam 
carries  a  horizontal  guide  rail.  On  this  a  combination  of  three  slides 
may  be  moved  towards  or  away  from  the  jet-hole.  The  one  slide  carries 
a  small  chuck  in  which  the  resonator  can  be  fastened.  By  means  of 
two  of  the  slides  the  resonator  can  be  centered  in  relation  to  the  jet.  By 
means  of  the  third  one  the  aperture  of  the  resonator  can  be  carried  into 
the  interval  of  instability.  Well  suited  for  the  jet-forming  element  is  a 
glass  tube  drawn  out  to  a  short  point.  Equally  suited  is  a  conical 
bore  in  a  metal  plate  and  this  latter  form  is  of  course  easier  to  produce. 
Cylindrical  bores  are  less  satisfactory  even  if  they  have  a  conical  inlet, 
as  a  certain  pressure  is  lost  in  such  bores. 

In  the  event  of  no  compressed-air  plant  being  available,  the  air  for  the 
acoustic  generator  is  taken  from  a  compressed-air  bottle.  The  bottle 
must  of  course  be  provided  with  a  reduction  valve.  Between  this  and 
the  generator  is  preferably  inserted  an  air  chamber  of  a  capacity  of  some 
liters  and  provided  with  a  valve  by  means  of  which  the  air  supply  to 
the  generator  may  be  stopped. 

Experiments  on  the  Location  of  the  Intervals  of  Instability. 

In  the  following  an  extract  will  be  given  of  the  experiments,  which 
were  carried  out  as  a  basis  for  the  new  acoustic  generator.  Fig.  6 
represents  a  curve  showing  the  variation  in  the  readings  of  the  manom- 
eter in  Fig.  I  out  along  the  axis  of  an  air-jet  produced  by  an  over-pressure 
of  141. o  cm.  mercury  and  by  a  jet-hole  of  0.535  mm.  The  distances 
from  the  jet-hole,  measured  on  a  scale,  were  100  divisions  are  equal  to 
0.275  mm.,  are  shown  as  abscissae,  and  as  in  Fig.  2,  the  ordinates  repre- 
sent the  difference  between  the  pressure  in  the  container  and  in  the  jet. 
The  great  regularity  in  the  periodical  pressure-variations  is  especially 
to  be  remarked.  The  approximate  location  of  the  intervals  of  instability 
is  shown  in  the  figure.  The  second  interval  extends  somewhat  out  over 
the  pressure-maximum,  this  is  however  only  due  to  the  uncertainty  in 
the  determination  of  the  location.  The  extension  of  the  intervals  of 
instability  was  found  by  means  of  small  **pulsators"  made  of  glass 
tubes  which  were  at  the  one  end  drawn  out  to  a  small  aperture  and  at 
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the  other  end  closed  by  sealing-wax.     In  the  examination  of  the  first 
interval  in  Fig.  5,  two  pulsators  of  different  sizes  were  used.     Each  of 


Fig.  5. 

the  two  indicated  intervals  corresponds  to  its  pulsators.  The  largest 
interval  was  found  by  means  of  the  largest  pulsator.  The  smallest 
pulsator  had  a  volume  of  only  some  few  mm.',  the  largest  was  not  larger 
than  that  its  pulsations  could  be  heard  as  a  tone.     If  the  aperture  of  the 
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Fig.  6. 


smallest  pulsator  was  placed  in  the  first  part  of  the  first  interval  (nearest 
the  jet-hole)  it  would  produce,  within  the  small  interval  which  is  denoted 
in  the  figure  by  a  double-arrow,  a  pure  tone  of  about  100,000  oscillations 
per  second. 
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The  periodical  character  of  the  pressure-variations  in  the  jet  is  only 
observed  for  overpressures  under  a  certain  limit.  Fig.  6  illustrates  the 
changes  when  this  limit  is  passed.  At  the  lowest  overpressure  of  2.2 
atm.,  the  periodical  pressure-variations  and  the  sharply  separated  inter- 
vals of  instability  rfj.j,  rfj.i,  •  *  •  again  occur.  Altogether  five  such  inter- 
vals have  been  observed.  Undue  importance  must  not  be  attached  to 
the  limits  of  the  intervals,  as  the  determination  of  same  was  connected 
with  great  uncertainty.  When  the  pressure  is  increased  the  intervals 
by  and  by  are  mingled  up.    At  a  pressure  of  5.2  atm.,  an  interval  of 


4 -y—- 

J 2.-^ 

y 
1 ^ 

_— _  —  ^^ — — —  —  —  —  - 

y  e 

g  —  c. 

•  > 


M y 

4» y__. 

m ^l1 

n I yC- 

H C- 

ft ^ 

99 C- 

n /L 

m : ^ I 

« ^ 

H ^ . 

• ^ 

J jL 

• ^ 

4  ^^ 

1-^ 


9^¥'* 


Fig.  8. 


Fig.  9. 


instability  started  at  the  abscissa  350  and  extended  to  620.  Thereafter 
followed  a  smaller  isolated  interval  from  660  to  700.  With  a  resonator 
(No.  13)  which  produced  a  rather  high  tone,  the  beginning  of  the  interval 
of  instability  was  observed  as  low  as  230  and  the  interval  extended  to 
about  900.  Possibly  there  could  be  traced  outside  this  interval  a  smaller 
one  between  950  and  1050. 

Experiments  on  the  Dependency  of  the  Number  of  Oscillations 
ON  THE  Dimensions  of  the  Resonator. 

A  number  of  resonators  of  the  type  shown  in  Fig.  3  were  produced. 
The  depth  d  was  measured  and  it  was  investigated  how  the  produced 
oscillations  depended  on  d.  The  wave-length  X  corresponding  to  the 
oscillations  was  measured  by  means  of  Kundt-tubes.  Samples  of  the 
dust-figures  are  shown  in  Fig.  7  together  with  a  millimeter  scale  which 
makes  it  possible  to  determine  the  length  of  the  waves.  In  Fig.  8  a 
curve  is  reproduced  showing  the  variation  of  X/2  with  d,  for  a  number  of 
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very  small  resonators,  all  of  which  had  an  aperture  of  0.7  mm.  The 
two  series  of  observations  Correspond  to  the  two  first  intervals  of  insta- 
bility. The  curve  is,  as  will  be  seen,  a  straight  line.  In  Fig.  9  are 
represented  the  results  of  a  second  experiment  which  was  made  with 
deeper  resonators  of  1.2  mm.  aperture.  The  curve  is  also  here  a  straight 
line  and  may  with  the  units  of  the  figures  be  represented  by  the  formula : 

X  =  4.22-rf  +  1.2, 
X  =  4.22  {d  +  0.3). 

The  wave-length  is  thus,  as  may  be  expected,  approximately  4  times 
the  depth  of  the  resonator.  The  divergence  from  4  is  perhaps  due  to 
the  fact  that  the  temperature  of  the  oscillating  air  in  the  resonator  is  not 
the  same  as  that  in  the  Kundt-tube.  The  cohstant  i  .2  in  the  first  formula 
indicates  the  well-known  fact  that  the  oscillations  in  the  resonator  extend 
somewhat  outside  the  mouth  of  the  resonator.  It  is  usually  assumed  that 
the  extension  outside  the  mouth  is  approximately  0.6  time  the  radius 
of  the  resonator.  In  the  second  formula  0.3  should  represent  this 
extension  in  fairly  good  accordance  with  that  assumed,  0.6  time  the 
radius  of  the  resonator  0.6  being  0.36. 

The  frequency  of  the  oscillations  of  the  resonator  is  as  already  men- 
tioned, mainly  determined  by  the  dimensions  of  the  resonator,  and 
especially  by  its  depth.  Hereby  it  is  of  course  assumed  that  the  resonator 
is  always  blown  with  the  same  kind  of  air.  If  a  jet  of  hydrogen  is  used, 
the  frequency  is  found  to  be,  as  is  to  be  ex|>ected  and  as  has  already  been 
indicated,  about  four  times  as  high  as  with  a  jet  of  atmospheric  air. 
For  instance  the  following  results  were  found: 


Rewmator. 

X/a  Air. 

X/a  Hydrogen. 

xToposuon. 

Renuuka. 

6 

0.464  cm. 
0.145  cm. 
3.47    cm. 

0.130  cm. 
0.050  cm. 
0.925  cm. 

3.6 
3.0 
3.5 

8 

uncertain 

14 

The  proportion  between  the  wave-lengths  (measured  in  the  same 
medium)  should  be  3.8.  If  it  is  perhaps  somewhat  lower,  it  may  be 
because  the  technical  hydrogen  used  was  not  quite  pure. 

The  intensity  of  the  here-considered  resonance-oscillations  is,  as  already 
stated,  very  large,  notwithstanding  the  smallness  of  the  resonator.  The 
possibility  of  making  the  resonator  very  small,  especially  of  a  small 
diameter,  explains  how  it  comes  that  the  frequency  can  be  made  as  high 
as  is  actually  the  case.  A  small  diameter  means  a  small  value  of  the 
constant  term  in  the  formula  for  the  wave-length.     Now  it  is  obvious 
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that  the  smaller  this  term  is  the  smaller  values  or  the  higher  frequencies 
can  be  obtained  by  diminishing  the  depth  d  of  the  resonator.  By  way 
of  illustration  we  may  consider  a  resonator  of  a  depth  0.5  mm.  With 
such  a  resonator  the  diameter  can  at  least  be  made  as  small  as  0.5  mm. 
The  constant  term  will  in  this  case  be 


0.6  0.5 


0,15  mm. 


Thus  the  effective  depth  of  the  resonator  is  0.65  mm.  which  gives 


320,000 
"4.065" 


=  123,000  periods  per  sec, 


the  velocity  of  sound  being  320,000  mm./sec.  With  a  hydrogen-jet  the 
frequency  would  be  3.8  •123,000  =  476,000  periods  per  sec.,  thus  very 
nearly  half  a  million  per  sec.  It  may  be  remarked  that  oscillations  of 
very  high  frequencies  can  easily  be  produced  as  first  overtones  of  oscil- 
lators of  greater  depth.  Some  observations  are  stated  in  the  table  below. 
The  first  overtone  is  produced  by  adjusting  the  aperture  of  the  resonator 
right  up  to  that  limit  of  the  first  interval  of  instability  which  is  nearest 
to  the  jet-hole.  In  the  indicated  experiments  the  highest  frequency  is, 
as  will  be  seen,  about  120,000  periods  per  sec. 


ReMoator. 

X/a  Fnndameiital  Note. 

X/a  Oyertone. 

Proportion. 

22 

1.20  mm. 
0.65  mm. 
0.49  mm. 

0.400  mm. 
0.205  mm. 
0.142  mm. 

3.0 

7 

3.2 

12 

3.4 

The  intensity  of  the  resonance-oscillations  may  be  illustrated  by  the 
following  example.  A  resonator  of  about  24,000  periods  per  sec.  and  with 
an  aperture  of  1.7  mm.,  was  adjusted  in  an  air-jet  produced  with  a  bore 
of  1.5  mm.  With  an  overpressure  of  4-5  atm.  very  good  dust-figures 
were  obtained  at  a  distance  of  about  i  m.  from  the  resonator  when  a 
Kundt  tube  of  4  mm.  aperture  was  used.  With  a  resonator  of  about 
10,000  periods  per  sec.  and  with  an  aperture  of  1.5  mm.  the  produced 
tone  was  even  with  rather  small  overpressures  almost  unbearably  inten- 
sive and  left  the  observer  with  a  physiological  after-effect  of  several 
hours'  duration. 

The  Royal  Technical  College, 
Copenhagen. 
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ON  THE  INFLUENCE  OF  THE  SURFACE-TENSION  ON  THE 
EFFLUX  OF  A   LIQUID   IN  JET  FORM.^ 

By  Jul.  Hartmann. 
Dr.  techn.  Docent  in  the  Royal  Technical  College,  Copenhagen, 

Synopsis. 

Influence  of  Surface  Tension  on  the  Efflux  of  a  Liquid  Jet. — Christianaen  sug- 
gested that  surface  tension  exerts  a  pressure  acting  against  the  pressure  causing 
the  flow,  so  that  the  Torricelli  equation  becomes:  »*  —  2TH*r*g{jh  —  A«).  If  then 
K,  the  coefficient  of  effective  contraction,  is  constant,  v*  should  be  a  linear  function 
of  h,  intercepting  the  A  *-  0  axis  at  Ao.  Experiments  with  mercury  and  water,  in 
which  the  speed  of  efflux  was  determined  down  to  low  values  of  A,  confirm  this  theory. 
With  cylindrical  holes,  straight  lines  were  obtained,  but  with  conical  holes  the 
relation  is  curvilinear  because  of  the  decrease  of  the  contraction  with  the  speed; 
yet  both  types  of  curve  gave  the  same  value  of  Ao.  With  water,  holes  through 
paraffin  paper  were  used.  When  the  speed  decreased  to  a  critical  value  for  each 
jet,  pulsations  began  to  appear  but  these  did  not  affect  the  speed  of  efflux.  Photo- 
graphs are  given  of  various  jets.  As  a  qualitative  confirmation  of  the  theory,  ether 
vapor,  which  is  known  to  decrease  the  surface  tension  of  water,  was  found  to 
decrease  Ao  by  18  per  cent. 

Jet  Method  of  Measuring  Surface  Tension. — ^According  to  Christiansen  the  surface 
tension  is  equal  to  rpg^^  The  measurements  with  mercury  and  water  confirmed 
this  relation,  as  after  correcting  for  the  loss  of  head  in  the  cylindrical  hole,  the 
values  of  the  surface  tension  came  out  536  dynes/cm.  for  Hg  at  16®  C.  and  74 
d3mes/cm.  for  water  at  10°  C,  within  one  per  cent,  of  the  accepted  values.  It  is 
believed  the  method  is  capable  of  higher  accuracy,  if  developed. 

Introductory. 

AN  influence  of  the  surface-tension  on  the  efflux  of  a  liquid  in  jet 
form  has  long  ago  been  recognized.  But  the  manner  in  which 
the  tension  acts  has  very  often  been  highly  misunderstood.  Thus,  when, 
from  a  certain  orifice  at  a  certain  head,  there  flows  per  sec.  a  greater 
volume  of  a  liquid  with  a  smaller  surface-tension  than  of  a  liquid  with  a 
larger  one,  this  fact  has  been  accounted  for  by  the  supposition  of  the 
surface-tension  in  the  latter  case  tightening  the  jet  to  a  greater  extent 
and  thereby  increasing  the  contraction.  For  instance  this  explanation 
will  be  found  in  Jamins's  textbook,  Cours  de  Physique,  Vol.  I.  Possibly 
it  has  from  there  or  from  the  source  used  by  Jamins  found  its  way  into 
other  textbooks.     I  give  Jamins's  representation  of  the  matter: 

'*Girard^  avait  d^'jk  constat^  que  Talcool  coule  plus  rapidement  que 

*  Extract  from  the  report  in  Det  kgl.  Danske  Vidensk.  Selsk.  Math.-fysiske  Meddelelser* 
II.,  8,  1919. 

*  Girard,  M^moires  de  rAcademie,  T.  I.,  1816. 
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Teau  k  travers  des  orifices  perc6s  en  mince  paroi:  la  section  contract^e 
de  la  veine  doit  done  6tre  plus  grande  pour  I'alcool  que  pour  Teau,  et 
c'est  en  particulier  ce  qui  result  de  mesures  directes  de  M.  Isarn}  II 
suffit,  d'aprfes  ce  dernier  savant,  de  vaporiser  de  I'alcool  ou  de  Tether  k 
peu  de  distance  d'un  orifice  par  lequel  Teau  s*6coule,  pour  que,  le  liquide 
k  faible  tension  superfidelle  se  disolvant  dans  I'eau,  la  d6pense  de  I'orifice 
augmente  dans  une  proportion  appr^able." 

Probably  the  first  to  propound  the  explanation  which  according  to  the 
investigation  described  in  the  following  is  the  true  one,  is  the  late 
Professor  C.  Christiansen.*  The  surface-tension  being  C,  there  must, 
in  the  opinion  of  Professor  C.  Christiansen,  exist,  in  a  cylindrical  jet  with 
radius  r ,  a  pressure  Cjr  which  counteracts  the  efflux  and  which  must  be 
subtracted  from  the  pressure  under  which  the  liquid  flows  out,  when  on 
the  basis  of  Torricelli's  principle  it  is  desired  to  calculate  the  quantity  of 
liquid  leaving  the  orifice.  Professor  C.  Christiansen  endeavored  to  carry 
through  the  investigation  which  has  now  been  executed  by  me,  but  his 
attempt  was  unsuccessful  and  indeed  the  result  could  not  well  be  other- 
wise in  view  of  the  imperfect  apparatus  utilized.  The  author  took  up 
the  experiments  mainly  because  they  promised  a  simple  method  for  the 
measurement  of  surface-tensions  and  because  it  could  not  a  priori  be 
taken  for  granted  that  Professor  Christiansen's  view  of  the  influence  of 
the  tension  was  incontrovertibly  correct.  The  result  has  been  a  com- 
plete verification  of  Professor  Christiansen's  hypothesis  in  that  the  deter- 
mination, on  basis  of  same,  of  the  surface-tension  for  water  and  mercury 
has  given  values  for  these  physical  constants  practically  consistent  with 
the  best  hitherto  obtained.  After  having  substantiated  this  the  author 
has,  on  basis  of  the  experiments,  worked  out  a  new  method  for  the 
determination  of  the  surface-tension. 

Research  apparatus. 

The  research  apparatus  shown  in  Fig.  i,  a-c,  consisted  of  a  cylindrical 
cast-iron  basin  with  an  inside  diameter  of  14.845  cm.  and  a  depth  of 
about  9.5  cm.  On  opposite  sides  of  the  basin  were  placed  two  stiffenings, 
F,  with  plane  outsides.  Through  each  of  these  and  the  wall  of  the 
cylinder  two  bores  were  carried,  Fig.  I,  c.  One  of  these  in  each  stiffening 
was  intended  for  a  window,  F.  In  the  second  bore  in  one  of  the  stiffenings 
the  jet-forming  element  P — the  hole-plate — was  screwed.  The  corre- 
sponding bore  in  the  second  stiffening  was  not  utilized  and  was  therefore 
closed  by  a  plug. 

In  the  experiments  it  is  necessary  to  be  able  to  open  and  close  the 

>  C.  Christiansen,  Ann.  d.  Phys.,  5,  436,  1901. 
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jet-hole  rapidly.  The  lock  is  shown  in  Fig.  i,  a;  it  was  fixed  on  the  plane 
front  of  the  stiffening  F'.  From  F'  it  was  insulated  electrically  by  means 
of  the  fiber  disc  /.  To  this  the  short  horizontal  arm  A\  was  attached. 
To  Ai  again  the  vertical  arm  At  could  be  fixed  by  means  of  the  screw  K* 
so  that  the  arm  and  what  was  attached  to  it  could  easily  be  removed  when 


Fig.  1  0. 


Fig.  1  h. 


^pu^ 


Fig.  1  c. 


the  hole-plate  had  to  be  changed.  A^  had  below  a  stiffening  F\  in  which 
the  lock  itself  could  be  moved  to  and  fro  and  fixed  in  an  appropriate 
position.  The  lock  consisted  of  a  steel  disc  E  at  the  end  of  the  solid 
cylinder  C.  The  edge  of  E  was  provided  with  a  plain  rubber  ring, 
fitting  into  a  groove  cut  in  £.  When  the  lock  was  shut  the  ring  was 
pressed  against  the  plane  foreside  of  the  jet-hole  plate.  The  pressure 
was  exerted  by  a  strong  spring  placed  inside  the  hollow  cylinder  T. 
The  drawing  of  the  rod  if  outwards,  by  means  of  a  handle,  H,  opens  for 
the  liquid.  By  means  of  the  bayonet  arrangement  B  the  lock  device, 
after  having  been  drawn  out,  could  be  kept  open.  Finally  it  could  be 
closed  by  a  short  turn  of  the  handle  H, 

The  reason  why  the  lock  has  been  insulated  from  the  basin  was  that, 
in  other  experiments,  not  dealt  with  in  this  paper,  it  was  necessary  to 
transmit  an  electric  current  through  the  jet  The  disc  E  thereby  was 
to  serve  as  one  of  the  electrodes.  The  apparatus  described  was  used 
in  the  following  manner.     In  the  basin  was  poured  250  cm.*  of  the  liquid 
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with  which  the  experiment  was  to  be  carried  out.  The  surface  of  the 
liquid  formed  a  bottom  in  the  basin  and  the  depth  of  this  bottom  below 
the  center  of  the  jet-hole  was  measured  by  a  cathetometer  with  an 
accuracy  of  about  0.05  mm.  After  this  a  further  1250  cm*,  of  the  liquid 
was  poured  into  the  basin.  The  inside  diameter  of  the  latter  having 
been  measured — also  by  the  cathetometer — the  head  of  the  surface  of 
the  liquid  above  the  center  of  the  jet-hole  could  be  calculated.  The 
experiment  of  efflux  now  consisted  in  the  observation — ^by  means  of  a 
stop-watch — of  the  time  of  efflux  for  a  series  of  equal  volumes — ^50.2  cm.* 
— of  the  liquid.  Of  these  observations  the  values  of  the  volume  V  which 
flowed  out  per  second  were  calculated  and  were  written  in  a  table  together 
with  the  corresponding  values  of  the  head.  The  latter  had  been  calcu- 
lated once  for  all  under  the  supposition  that  each  of  the  tapped-out 
portions  was  50.2  cm.*  and  furthermore  under  the  assumption  that  the 
center  of  the  jet-hole  was  situated  0.185  cm.  above  the  liquid  bottom. 
If  the  latter  height  had  a  different  value  a  correction  was  introduced 
for  the  "zero  error.**  On  the  other  hand  no  correction  was  used  for  the 
small  oscillating  deviations  from  the  value  50.2  cm,*  of  the  tapped-out 
portions.  The  average  heads  were  calculated  as  the  simple  means  of 
the  heads  of  the  surface  before  and  after  the  efflux  of  the  corresponding 
liquid  portion.    The  error  hereby  committed  is  given  by  the  expression 

^-       hi  +  ht-2  ^Ihihi 
4 

hi  resp.  ht  being  the  effective  heads  before  and  after.  However  in 
practically  every  case  this  error  could  be  ignored.  The  table  finally 
was  reproduced  in  a  F*  —  A  curve,  i.e.,  a  curve  which  for  abscissae  has 
the  head  A,  for  ordinates  the  square  F*  of  the  liquid  volumes  emitted 
per  second.  The  head  corresponding  to  the  counterpressure  of  the  sur- 
face-tension being  denoted  by  ho,  the  value  of  V  given  by  Torricelli's 
law  will  be 


F  =  -ic*.(P.V2g(A-Ao), 
4 

K  being  the  coefficient  of  efflux  or  the  coefficient  of  the  effective  contraction 
and  d  being  the  diameter  of  the  jet-hole.  Thus  the  equation  of  the 
F*  —  A  curve  should  be 


v«=(^<c»<f«y. 


2g-(A  -  Ao) 


and  so,  if  ic  is  a  constant,  the  F*  —  A  curve  should  turn  out  to  be  a  straight 
line,  which  if  the  A-axis  cuts  off  the  length  Ao  of  which  the  surface-tension 
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C,  according  to  Professor  Christiansen,  can  be  calculated  by  the  expression 

2C 


Ao  = 


d'pg 


d'  denoting  the  diameter  of  the  jet  and  p  the  density  of  the  liquid. 

A.  Experiments  with  Mercury. 

Alternations  in  the  Aspect  of  the  Jet  During  the  Efflux. 

As  the  surface  sinks  in  the  basin  during  the  experiment  of  efflux  the 
jet  of  course  declines  more  and  more.  At  the  same  time  its  surface 
will — ^as  long  as  the  head  of  the  liquid  still  remains  above  a  certain  limit 
— appear  more  and  more  smooth.  Towards  the  end  of  the  efflux  the 
jet  assumes  an  aspect,  which  to  some  degree  depends  on  the  diameter 
of  the  jet-hole.  With  wider  bores,  for  instance  bores  of  2  mm.  and  upward, 
the  jet  continues  to  be  smooth,  and  forms,  almost  to  the  moment  when 
its  velocity  is  nought,  a  continuous  jet  of  several  cm.  length.     Fig.  2,  a, 

shows  a  photograph  of  such  a  jet  pro- 
duced by  means  of  a  jet-hole  in  carton 
of  1 .96  mm.  thickness.  Immediately  be- 
fore the  cessation  of  the  efflux  the  long 
jet  suddenly  becomes  unstable  and  the 
efflux  hereafter  takes  place  in  a  marked 
pulsating  manner,  the  jet  which  is  now 
quite  short  assuming  a  glimmering  as- 
pect. With  somewhat  narrower  bores — 
for  instance  of  1.2  mm. — ^the  instability 
occurs  at  a  greater  head.  With  bores  of 
a  diameter  of  about  1.4  mm.  a  peculiar 
phenomenon  may  be  observed,  the  jet 
changing  suddenly  from  the  smooth  to 
the  pulsating  form  and  later  on  reverting 
to  the  smooth  again.  Fig.  2  6,  shows  a 
photograph  of  a  **jet"  of  1.432  mm. 
during  the  pulsating  efflux.  With  very 
narrow  bores  of  a  fraction  of  a  millimeter  the  pulsating  form  of  efflux 
becomes  extremely  marked,  the  mercury  ultimately  trickling  from  the 
jet-hole  in  small  drops. 

It  appears  from  the  investigation  that  the  V^  -  A  curve  with  cylindrical 
bores  is  rectilinear  down  to  the  smallest  heads.  The  transition  from 
smooth  to  pulsating  jet  does  not  alter  the  direction  of  the  line  essentially 
but  if  the  efflux  takes  the  form  of  drops  this  is  easily  seen  from  the 
72  -  A  curve  as  Fig.  3  will  illustrate.    The  average  pressure,  due  to  the 


Fig.  2  a. 


Fig.  2  6. 
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surface  tension  inside  the  mercury  drops,  being  smaller  than  the  corre- 
sponding pressure  inside  a  jet  with  a  diameter  equal  to  that  of  the  bore, 
more  mercury  will  flow  out  in  the  case  of  drops  than  in  the  case  of  a  jet. 
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Fig.  3. 

Therefore  when  the  phase  of  drops  commences,  the  V^  —  h  curve  will 
to  begin  with  take  an  upward  bend,  thereafter  falling  smoothly  owing  to 
the  diminishing  head. 

The  Cessation  of  the  Efflux. 

When  the  head  has  reached  a  certain  lower  limit  the  efflux  suddenly 
ceases  and  the  mercury  in  the  jet-hole  will  assume  a  curved  surface  as 
shown  in  Fig.  4.  The  tension  in  this  surface  now  supports 
the  remaining  mercury-column  A©'.  Determinations  of  ho' 
were  made  for  a  series  of  bores,  partly  of  the  conical,  partly 
of  the  cylindrical  type,  and  it  was  found  that  the  certainty 
of  the  measurement  of  ho'  was  very  considerable.  By  way  of 
illustration  the  following  repeated  values  of  the  last  tapped- 
out  portion  in  four  experiments,  carried  out  with  the  jet- 
holes  indicated  over  each  of  the  four  last  columns,  are  given  below. 

In  the  experiments  the  last  portion  after  having  been  measured  was 
poured  back  into  the  basin  for  a  new  measurement.  The  uncertainty 
seems  to  be  abnormally  great  in  the  second  experiment  and  yet  it  is 
here  as  low  as  3  cm.*.  This  means  that  the  head  at  which  the  efllux 
ceases  is  determined  by  one  single  observation  with  a  certainty  of  about 
0.16  mm.     In  the  other  experiments  the  certainty  is  essentially  greater. 


Fig.  4. 


Digitized  by 


Google 


734 


JUUUS  HARTMANN, 


rSBOOND 

LSbribs. 


No. 

o.8o.   9*'' 

0.93.    90* 

a.o.    90* 

1.5  cyl. 

1 

2 

3 

4 

5 

9.2  cm.» 
8.5 
8.2 
S.S 

43.5  cm.» 
40.1 
42.5 
45.0 

1.7  cm.» 

1.7 

1.9 

1.6 

2.1 

7.8  cm.» 

6.7 

6.7 

Mean  . 

8.7  cm.» 
A=0.5cm.» 

42.8  cm.» 
A  =  2.7cm.» 

1.8  cm.» 
A-0.2cm.» 

7.1  cm.» 
A-0.7cm.» 

Provided  the  surface  of  the  liquid  in  the  bore,  Fig.  4,  is  spherical 
with  a  radius  of  curvature  r',  r'  will  be  given  by 

y  =  Ao'- 13.55-981, 

C  indicating  the  surface-tension  of  mercury.  Assuming  r'  to  be  pro- 
portional to  the  radius  r  of  the  bore  so  that  /  =  ir,  then  in  tracing  the 
variation  of  Ao'  with  i/r  or  i/d,  d  being  the  diameter  of  the  jet-hole,  one 
should  get  a  straight  line.     In  Fig.  5  all  observed  values  of  Ao'  are  marked 


4  • 


•   eoMfC0L  «ow4  or  §0' 


Fig.  5. 

in  their  dependency  on  i/d.  Ignoring  the  value  corresponding  to  the 
bore  with  the  diameter  0.53  mm.,  which  bore  also  showed  anomalism, 
with  regard  to  the  conditions  of  efflux,  considered  above,  all  the  points 
of  observation  are  distributed  with  great  regularity  on  both  sides  of  a 
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Straight  line  through  zero.  From  this  line  one  derives  for  the  constant  k 
the  value  1.496,  when  the  value  520  dyn./cm.  is  used  for  C.  Thus 
mercury  assumes  in  the  jet-hole  a  radius  of  curvature  which  with  a  fair 
degree  of  accuracy  is  equal  to  1/50  times  the  radius  of  the  bore.  And  the 
radius  of  curvature  is  quite  independent  of  whether  the  bore  is  of  the  cylindrical 
or  of  the  conical  type. 

The  Extrapolated  Zero-head  and  its  Connection  with  the  Surface-Tension. 

According  to  Professor  Christiansen's  view  the  length  Ao»  the  extra- 
polated zero-head,  which  the  extended  7*  —  A  curve  cuts  off  the  axis 
of  abscissae  is,  as  indicated  above,  determined  by 

P«A,  =  -^ 

in  which  d\  as  will  be  remembered,  denotes  the  diameter  of  the  jet. 
The  results  of  the  experiments  here  described  were,  briefly,  the  following. 
With  cylindrical  bores,  the  F*  —  A  curve  is  rectilinear.  Fig.  6.     If  extended 
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Fig.  6. 

down  to  the  axis  of  abscissae  it  cuts  off  from  the  same  length  Aoi  which, 
introduced  in  the  formula  above,  always  gives  the  same  value  for  C, 
when  d'  is  replaced  by  the  diameter  d  of  the  jet-hole — ^in  accordance 
with  the  fact  of  the  actual  contraction  with  cylindrical  bores  being 
nought.     With  conical  bores  the  F*  —  A  curve  is  curvilinear.  Fig.  7.     If 
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extended  to  intersection  with  the  axis  of  abscissae  by  means  of  a  flexible 
ruler  and  if  the  portion  cut  off  is  introduced  in  the  formula  for  A©  and  if 
furthermore  d',  as  in  the  case  of  the  cylindrical  bores,  is  replaced  by  the 
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diameter  d  of  :he  jet-hole, — corresponding  to  the  fact  that  the  actual  con- 
traction with  decreasing  velocity  tends  to  zerd^ — one  again  obtains  for  C 
a  constant  value  and  mainly  the  same  as  with  cylindrical  bores.  The 
common  C-value  very  nearly  coincides  with  those  determinations  of  the 
surface-tension  of  mercury  considered  for  the  present  time  as  the  most 
reliable. 

In  order  to  illustrate  how  exactly  the  F*  —  A  curve,  both  at  jets  with 
and  without  contraction,  psisses  through  the  point  of  the  axis  of  abscissae 
corresponding  to  the  surface-tension  C  a  series  of  values  for  this  latter 
constant  found  in  the  course  of  the  investigation  is  given  in  the  following 
table. 

Table  I. 


No. 

DUuneter        Lenfth  of  the 

of  the          CyUndrkalPftrt'             C. 
Jet-hole.      {    of  die  Bore.    . 

Comment. 

5 

4 

6 

9  and  10. 

0.799  mm. 
0.961 
1.218 
1.507 

2.0  mm. 
1.2 
3.0 
2.5 

506  dyn./cm. 

516 

527 

507 

Cylindrical  bores  in  steel.    The  C- 
values  have  been  corrected  for  the 
drop  of  pressure  in  the  cylindrical 
part  of  the  bores.     (See  below.) 

Mean,  514  dyn./cm.  at  about  15®. 

>  The  statements  concerning  the  contraction  reproduce  the  results  of  a  aeries  of  experi- 
ments carried  out  by  the  author. 
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No. 

Dkmeter 

of  the 
JoMiolo. 

ThkknoM 
oftho 
Carton. 

C. 

o--. 

85 

1.228  mm. 

0.25  mm. 

530  dyn./cm. 

Holes  pressed  in  carton,  Fig.  8. 

91i4-B.. 

1.923 

0.13 

547 

The  jet  shows  a  variable  con- 

93  

1.228 

0.25 

548 

traction. 

94 

0.965 

0.13 

532 

95 

0.952 

0.13 

540 

96 

1.380 

0.13 

522 

Mean.  536  dyn./cm.  at  about  16°. 

As  will  be  seen  from  the  numbers  of  the  experiments  the  figures  in 
the  first  table  represent  results  from  some  of  the  very  first  determinations, 
and  these  must  be  regarded  exclusively  as  orientative.  On 
the  other  hand  the  second  table  contains  the  latest  and  final 
determinations  of  the  whole  series  of  experiments.  The 
true  value  of  the  surface-tension  at  20**  of  a  fresh  mercury 
surface  seems  to  be  about  540  dyn./cm.  In  order  to  illus- 
trate the  accuracy  which  was  reached  in  the  later  experi- 
ments No.  94  is  reproduced  in  Fig.  9  diminished  linearly  in 
the  ratio  of  about  3  to  i. 


Fig.  8. 
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B,   Experiments  with  Water. 


Conditions  of  Experiments,     Changes  in  the  Aspect  of  the  Jet  During  the 
Efflux.     Cessation  of  the  Efflux. 

With  a  jet-hole  in  metal  or  glass  it  is  impossible  to  carry  out  a  unique 
experiment  of  efflux  at  low  head  with  water  or  practically  any  other 
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Sbcond 


Fig.  10. 


liquid.  This  is  due  to  the  liquid  wetting  the  surface  of  the  hole-plate. 
A  quantity  of  liquid  accumulates  around  the  jet-hole  assuming  the 
form  indicated  in  Fig.  lo.  With  heads  of  3-4  cm.  a  jet  is  pressed  through 
this  mass  and  the  jet  stands  with  a  sharp  and  smooth 
surface,  but  the  liquid  volume  flowing  out  per  sec.  may 
vary  several  per  cent,  owing  to  the  accidental  variations 
in  the  form  of  the  liquid  mass.  And  it  can  be  several 
per  cent,  larger  than  the  volume  which  would  flow  out  at 
the  same  head  if  the  jet  stood  with  a  sharp  edge  against 
the  hole  plate.  At  a  somewhat  lower  but  still  at  a  rela- 
tively high  pressure  the  efflux  in  the  form  of  a  jet  entirely  ceases,  the 
water  draining  down  along  the  vertical  surface  of  the  hole  plate.  The 
adhesion  of  the  water  to  the  hole  plate  thus  practically  renders  impos- 
sible the  observation  of  the  lower  part  of  the  normal  F*  —  A  curve,  and 
as  a  consequence  hereof  also  the  extrapolation  to  the  zero-head  ho. 

But  it  is  possible  to  carry  out  practically  just  as  reliable  experiments 
with  water  as  with  mercury  when,  in  the  case  of  the  first  liquid,  paraffin, 
or  what  is  still  better,  paraffined 
paper,  is  used  for  the  production 
of  the  hole  plate.  Water  behaves 
in  precisely  the  same  manner  to- 
wards paraffin  as  mercury  towards 
iron.  Thus  a  complete  experi- 
ment of  efflux  is  possible  and  dur- 
ing such  an  experiment  quite  the 
same  variations  are  observed  in 
the  appearance  of  the  jet  as  is 
described  above  for  the  mercury 
jet.  Particularly  distinct  is  the 
abrupt  transition  at  low  pressures 
from  a  long  smooth  jet  to  the 
pulsating  form  of  efflux  which 
again  at  a  still  smaller  head  alters 
to  a  smooth  jet.  Fig.  11,  a-c, 
represents  instantaneous  photo- 
graphs of  the  three  consecutive  phases  of  the  efflux.  Fairly  char- 
acteristic is  the  abrupt  manner  in  which  the  continuous  part  of  the  jet 
ends  in  the  case  of  pulsating  efflux.  When  the  head  sinks  under  a  cer- 
tain limit  the  efflux  in  form  of  a  jet  ceases  and  hereafter  the  water 
drains  down  along  the  wall  of  the  hole  plate.  At  a  still  smaller  head 
ho'  the  efflux  suddenly  stops  and  the  water  now  stands  with  a  convex 


Fig.  11,  a-c. 
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surface  across  the  aperture  of  the  jet  hole,  just  as  in  the  case  of  mercury. 
The  certainty  with  which  V  can  be  measured  is,  however,  not  so  great 
with  water  as  with  mercury.  Thus  in  one  case  the  following  repeated 
values  of  the  last  observed  tapped-out  portion  were  found 

29.4  —  24.5  —  384  —  40.8  cm.'. 

It  seems  that  a  systematic  variation  appears  in  this  series.  Four  experi- 
ments gave  for  Hq  the  values  indicated  in  the  following  table: 


Bzperiment. 

Radios  r  of  the  Bore. 

w. 

r'.                1 

r'/r. 

No.  61 

0.735  mm. 
0.885 
0.901 
1.091 

1.318  cm. 
1.051 
0.945 
0.713 

1.137  mm. 

1.427 

1.590              1 

2.064 

1.55 

74 

1.61 

63 

1.76 

73 

1.89 

In  the  table  r'  denotes  the  radius  of  the  convex  surface  calculated  from 
the  expression 

in  which  for  C — the  surface-tension  of  the  water — the  value  73.6  dyn./cm. 
has  been  used. 

The  ratio  of  r'  and  r,  the  radius  of  the  jet-hole,  increases,  as  will  be 
seen,  with  the  radius  of  the  jet-hole.  The  wider  the  hole  is  the  more 
flat  the  curved  surface  seems  to  be.  The  experiments  Nos.  61  and  63 
were  carried  out  with  cylindrical  bores  in  solid  paraffin,  Nos.  73  and  74 
with  holes  pierced  in  paraffined  paper. 

The  Zero-head  and  the  Surface-tension. 

The  result  of  the  test  of  Professor  Christiansen's  assumption  was  for 
water  quite  the  same  as  for  mercury.  The  extrapolated  zero-head,  Ao, 
determines  the  surface-tension  of  water  when  introduced  into  the  expres- 
sion pghQ  =  2Cld'  given  above  when  d'  in  this  expression  is  put  equal  to 
the  diameter  d  of  the  jet-hole.  The  certainty  with  which  the  surface- 
tension  can  be  measured  appears  from  the  following  summary  of  some  of 
the  determinations. 

The  experiments  of  Table  I.  must  be  regarded  as  to  some  degree 
orientative.  In  the  experiments  of  Table  II.  the  sources  of  error  were 
examined  with  care  and  as  to  Table  III.  the  numbers  herein  represent 
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C.  DistUlMl 

C.  Water  from 

Expniment. 

if. 

Water. 

ttiePipee. 

CommeBt. 

No.  32 

1.019  mm. 

74.8  dyn./cm. 

dyn./cm. 

Short  cylindrical  bores  in 

30 

1.220 

74.4 

paraffin  with  conical  en- 

33(26).. 

1.591 

75.2 

75.3 

trance. 

34(25).. 

1.996 

70.0 

70.0 

31 

2.211 

73.0 

Mean,  73.5  djm./cm.  at  about  10^ 

Table  II, 


Bzperi- 
ment. 

Lensthof 
feBorea. 

d. 

C 
uncoirrected . 

C 
Corrected. 

Commeiit. 

No.  57  . . 

0.5  cm. 

1.616  mm. 

70.7  dyn./cm. 

70.2  dyn./cm. 

Cylindrical  bores  in 

58.. 

0.2 

1.567 

77.1 

71.1 

paraffin.    The  in- 

59.. 

0.1 

1.698 

80.3 

72.3 

60.. 

0.4 

1.442 

88.5 

72.9 

61  .. 

0.8 

1.470 

101.3 

72.6 

62  .. 

0.8 

2.490 

96.0 

73.9 

63 

0.8 

1.801 

90.7 

70.5 

Mean,  71.8  dyn./cm. 
Corrected  for  different  faults:  74.8  dyn./cm.  at  about  10®. 

Table  III. 


Bzperiment. 

Thickness 

of  the 
Hole-pUte 

d. 

1 

1             ^' 

Commeat 

No.  108.... 
118.... 
111.... 
109.... 

0.17  mm. 
0.17 
0.17 
0.38 

1.628  mm. 
1.624 
1.878 
1.868 

1   72.8  dyn./cm. 
74.8 
74.4 
74.1 

Holes  pierced  in  paraffined 
paper.      Inner   edge 
rounded. 

Mean  74.0  dyn./cm.  at  about  10°. 

the  latest  and  presumably  best  of  all  the  measurements.  As  will  be 
seen,  all  C-values  are  situated  very  close  to  74.0  dyn./cm.,  i.e.,  the  value 
which  ordinarily  is  considered  the  true  one  for  the  surface-tension  of 
water  at  10**.  Other  series  of  experiments  were  carried  out  which  mainly 
gave  the  same  result.  The  series  Nos.  49-55,  carried  out  with  cylindrical 
bores  with  conical  entrance,  gave  for  C  the  value  72.4  dyn./cm.  at  10**. 
The  series  Nos.  71-746  (8  determinations  at  largely  varying  tempera- 
tures) gave  C  =  73.4  dyn./cm.  at  10**.     Finally  from  the  isolated  experi- 
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menty  No.  69,  the  value  75.2  dyn./cm.  at  10**  was  found  by  means  of 
curvilinear  extrapolation.^  In  order  to  show  with  what  degree  of  cer- 
tainty the  F*  —  A  curve  could  be  determined  in  these  experiments,  and 
besides  to  illustrate  the  extrapolation  carried  out, — experiment  No.  108 
is  reproduced  in  Fig.  12. 

Thus  water,  as  far  as  the  question  of  the  relation  between  ho  and  C 
is  concerned,  gave  quite  the  same  result  as  mercury.  The  counter-pressure 
of  the  surface-tension  is  directly  measured  by  ho. 

The  Friction-loss  in  a  Longer  Cylindrical  Bore. 

In  Table  II.  above,  heading  the  last  column,  a  correction  is  indicated 
which  will  now  be  explained.  In  the  preceding  column  the  values  of  C 
which  are  directly  evaluated  from  the  F*  —  A  curves  are  reproduced. 
As  will  be  seen,  these  values  are  as  a  whole  too  high  and  increasing 
with  the  length  and  narrowness  of  the  cylindrical  bore.  In  all  probability 
the  reason  for  this  must  be  sought  in  the  friction  of  the  water  in  the  bore 
and  the  author  tried  to  calculate  a  correction  for  the  error  based  on  the 


il-4MI 


Fig.  12. 


assumption  that  the  friction  in  the  bore  is  equivalent  to  a  loss  of  pressure 
hp  which  might  be  evaluated  by  means  of  Poiseuilles's  expression,  i.e.,  by 

where  17  is  the  coefficient  of  the  viscosity  of  water  at  the  temperature 
of  the  experiment,  L  the  length  of  the  bore  and  V  the  volume  of  liquid 
which  flows  out  per  sec. 

»  Holes  pierced  in  parafl^ed  carton  ordinarily  gave  a  rectilinear  V*  —  h  curve.  In  the 
experiment  No.  69  the  carton  was  rather  thin  and  the  internal  edge  probably  has  been  fairly 
sharp,  so  that  an  actual  contraction  has  been  present. 
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The  volume  V  should  accordingly  be  given  by 


'^COND 


instead  of  by 


4 


7  =  -/c*(PV2g(A  -  Ao) 
4 


I  now  reduced  the  actual  F*  — 
observed  if  hp  had  not  existed. 


A  curve  to  that  which  would  have  been 
The  reduction  was  carried  out  as  indi- 
cated in  Fig.  13.  The  values  of  A,  were 
calculated  for  two  or  three  points  and  the 
abscissse  of  these  points  were  diminished 
by  the  Ap  values.  The  original  F*  —  A 
curve  which  was  in  the  main  rectilinear 
or  which  perhaps  had  a  hardly  per- 
ceptible downward  bend  was  thereby 
changed  into  a  new,  almost  rectilinear 
but  somewhat  steeper  F*  —  A  curve, 
the  rectilinear  extension  of  which  cuts  off 
an  interval   from  the  axis  of 


Fig.  13. 


given,  as  Will  be  seen  from  Table  II.,  by 

^=Aag. 

In  the  calculation  of  hp  the  value  of  17  corresponding  to  a  parallel  flow 
of  the  liquid  is  used.  In  order  to  give  an  idea  of  an  experiment  treated 
in  the  manner  here  described  the  experiment  No.  60  is  shown  in  Fig.  14. 
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On  the  Influence  of  Ether  vapor  on  the  Surface-tension  of  Water. 

The  author  found  it  worth  while  to  repeat  the  old  well-known  experi- 
ment on  the  influence  of  ether  vapor  on  the  surface-tension  of  watei. 
In  the  experiment  a  short  cylindrical  bore  with  a  diameter  of  1.278  mm. 
in  solid  paraflin  was  used.  The  experiment  was  carried  on  in  such  a 
way  that  the  time  of  efllux  for  each  of  the  normal  portions  of  50.2  mm.* 
was  observed  on  the  jet  being  emitted  into  air,  and  also  when  a  small 
piece  of  cotton  saturated  with  ether  was  placed  just  above  and  close  to 
the  jet.     In  Fig.  15  the  result  of  this  double  experiment  is  shown.     It 
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Fig.  15. 

will  be  noticed  that  the  V^  —  h  curve  with  ether  vapor  is  exactly  parallel 
to  the  curve  with  pure  air.  This  suggests  that  the  effect  of  the  ether 
vapor  is  almost  instantaneous,  otherwise  it  would  hardly  be  immaterial 
whether  the  jet  has  a  velocity  of  30  cm./sec.  as  is  the  case  in  the  lower 
points  of  the  curve — or  60  cm./sec.  as  is  the  case  of  the  higher.  Moreover, 
it  will  be  observed  that  the  uncertainty  of  the  points  is  not  greater  with 
ether  vapor  than  with  pure  air.  This  makes  it  probable  that  it  is  the 
maximum  effect  of  the  ether  vapor  which  is  dealt  with,  i.e.,  the  effect 
which  in  all  probability  should  be  observed  at  the  efflux  into  an  atmos- 
phere of  pure  ether  vapor.  The  change  of  the  surface-tension  amounts, 
as  will  be  seen,  to  18  per  cent.  It  is  of  course  most  pronounced  with  the 
smallest  velocities  of  the  jet.     Here  the  effect  is  extremely  striking  and 
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can  easily  be  demonstrated  in  the  following  way.  When  the  jet  in' air 
assumes  the  pulsating  form  described  above  it  is  observed  on  introducing 
the  ether  vapor  that  it  straightens  out  and  changes  into  a  perfectly 
smooth  and  continuous  jet,  indicating  that  the  counter-pressure  of  the 
surface-tension  has  partly  been  removed. 

Thb  Royal  Tbchnical  Collbgb. 
Copenhagen. 
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